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FOREWORD 


This  Technical  Manual  was  prepared  under  United  States  Air  Force  Contract 
No.  AF  33^600)-42963.  Part  of  the  information  used  in  the  compilation  and  preparation 
of  the  Manual  was  obtained  from  experimental  forging  studies  conducted  as  a  part  of  the 
program  and  described  in  Technical  Documentary  Report  No.  ML- T DR- 64-95,  "A 
Study  of  Forging  Variables". 

This  contract  with  Battelle  Memorial  Institute  of  Columbus,  Ohio,  was  initiated 
under  Manufacturing  Methods  Project  7-876,  "A  Study  of  Forging  V?.riable8".  It  was 
administered  under  the  direction  of  Mr.  G.  M.  Glenn  and  Mr.  G.  L.  Campbell  of  the 
Metallurgical  Processing  Branch  (MATB),  Manufacturing  Technology  Divir.ion,  Air 
Force  Materials  Laboratory,  V/right- Patterson  Air  Force  Base,  Ohio. 

This  program  was  carried  out  by  Battelle' s  Metalworking  Research  Division 
under  the  supervision  of  Mr.  A.  M.  Sabroff,  Associate  Chief,  and  Mr.  F.  W.  Boulger, 
Division  Chief.  Mr.  H.  J.  Henning,  formerly  of  Battelle,  conducted  the  experimental 
forging  studies,  compiled  the  inf''rmatiop  and  data,  dnd  assisted  in  the  drafting  of  the 
Manual.  Dr.  J.  W.  Spretnak,  Professor  of  Metallurgical  Engineering  at  The  Ohio  State 
University,  served  as  Consultant  to  the  program,  and  prepared  the  section  on  "Funda¬ 
mentals  of  Plastic  Deformation"  appended  to  the  Manual.  The  manuscript  was  released 
by  the  authors  31  August  1964  for  publication  as  an  RTD  Technical  Manual. 


PREFACE 


The  technologies  of  metals  and  melting  processes  for  metals  have  adw^nced  rapidly 
during  the  past  decade.  Titanium,  beryllium,  new  nickel-base  alloys  such  a?  Ren-j  'A, 
the  precipitation-hardening  stainless  steels,  and  the  refractory  metals  all  h.i/e  evoWed  to 
comtnercial  status  in  this  time.  New  melting  and  alloyi'*.^  techniques  had  to  be  developed 
for  many  of  the  new  metals,  and  we  !'.ow  consider  commonplace  such  processes  as 
consumable*  electrode  arc  melting,  vacuum  induccion  melting,  and  vacuum  degassing. 

Similarly,  advances  have  been  m- tie  in  certain  metal-fabricating  procest.es,  e.  g.  . 
impacter  forging,  explosive  forming,  high-velocity  forging  processc.^.  In  general, 
however,  advances  in  fabricating  metals  have  not  been  so  rapid  as  the  developments  in 
materials  and  melting  processes.  This  does  net  mean  to  say  that  progress  in  metal  fabri¬ 
cation  is  actually  slow.  The  forging  industry  for  examrle  has  learned  in  a  relatively  short 
time  how  to  make  complex  parls  from  »^itanium,  which  •*:  once  considered  practically 
unforgeable. 

However,  it  is  probably  true  that  advances  in  forging  would  be  more  rapid  if  a  more 
scientific  approach  were  substituted  for  the  trial*and  error  procedures  commonly  used  in 
the  industry.  One  very  practical  method  by  which  a  more  scientific  approach  to  improving 
forging  technology  rir  he  applied  is  to  maintain  accurate  and  detailed  records  of  forging 
variables.  This  kind  of  information  can  then  be  used  to  seiect  forging  practices  for  alloys 
and  parts  to  be  forged  Ir.  the  future.  Unfortunately,  the  recording  of  detailed  forging  pro¬ 
cedures  Is  expensive,  and  only  a  feW  companies  maintain  such  records.  Tven  these  com¬ 
panies  have  Initiated  the  practice  In  only  relatively  recent  times. 

Recognizing  the  need  for  information  in  this  field  by  engineers,  scientists,  and 
technicians  in  the  aerospace  and  allied  industries,  the  Manufacturing  Technology  Division  of 
the  /dr  Force  Malerir.ls  Laboratory  established  a  project  at  Battelle  with  the  objective  of 
preparing  this  manual  ou  "Fundamentals  of  Forging  Practice".  The  information  presented 
in  the  Manual  was  obtained  from  the  literature,  from  industrial  sources,  and  from  a 
laboratory- scale  experimental  program  designed  to  study  significant  forglnj'  characteristics 
of  several  typical  alloys.  This  information  can  be  divided  into  four  major  subject  categories: 

(1)  Plastic  deformation  of  metals 

This  information  deals  with  the  mechanics  of  plastic  deformation,  and  the 
fundamental  principles  of  metal  behavior  during  deformation. 

(2)  Principles  of  forging 

This  information  concerns  the  empirical  relationships  developed  for  forging 
processes  which  serve  as  practical  guides  for  establishing  design  limits 
and  shop  practices. 

(3)  Forging  processes  and  practices 

This  information  relates  to  the  state  of  the  art  of  forging,  and  covers  such 
topics  as  forging  equipment,  types  of  operations,  die  design,  lubrications, 
specifications  for  typical  forged  shapes,  etc. 

(4)  Forging  alloys 

These  data  treat  the  forging  of  specific  alloy  systems  in  terms  of  the 
influence  of  material  properties  cn  forging  behavior,  and  the  of 

forging  procedure  on  the  properties  of  the  forged  product. 

In  organizing  this  material  for  the  Manual,  a  major  objective  was  to  achieve  a  docunier.* 
of  maximum  usefulness  to  engineers  ccnccrn^.u  with  the  design,  production,  and  use  of 
forgings.  Accordingly,  the  main  body  of  the  Manual  deals  with  the  design,  production,  and 
application  of  die  forgings.  Chapters  1  through  6  discuss  general  aspects  of  the  forging 
process  and  forging  practices;  Chapters  7  through  ZZ  then  discuss  the  forging  of  specific 
alley  systems.  Theories  of  metal  behavior  and  plastic  deformation  as  they  appl/  to  the 
forging  process  are  discussed  in  the  Appendix  for  the  reader  interested  Ir  revir*/ing  the 
fundamental  metallurgical  and  mechanical  principles  of  metal  deformation. 

A  major  contributor  t-;  the  preparation  of  the  Manual  was  the  forg’ng  ludustiy.  The 
whole-hearted  support  of  many  companies  in  this  industry  hss  made  it  possible  tc  ‘ 
up-to-date  information  on  a  number  of  comparatively  n^w  materials,  and  has  added  int* 
me*st*.rably  to  the  value  of  the  Manual.  It  also  has  indicated  the  pressin;*  need  fc-  c^.i.-npiling 
t’  's  Ir.lormation  in  th*  f'rm  of  technical  manuals  such  as  this. 
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CHAPiER  1 


FORGING  PI^OCFSSES  ANR  EOUIPMENT 

TYPES  OF  FORGING  OPERATIONS 


While  forging  may  be  defined  broadly  as  changing  the  shape  of  metals  by  plastic 
deformation,  there  are  a  number  of  specific  types  forging  operations  that,  in  many 
cases,  require  specialized  equipment.  Descriptions  cf  several  types  of  forging  oper¬ 
ations  and  the  specialized  equipment  needed  for  them  are  presented  in  Table  1-1,  and 
the  principles  are  illustrated  in  Figure  1-1. 

The  forces  require  !  to  deform  metal  in  each  of  these  operations  differ  consider¬ 
ably,  depending  on  the  relative  amount  of  confinement  of  the  vorkpiece  by  the  dies.  With 
increasing  confinement,  friction  increases  vapidly.  Furthermore,  when  workpiece 
temperatures  are  higher  than  that  of  the  dies,  heat  transfer  occurs  and  billet  surfaces 
are  chilled.  Both  factors  increase  forging  pressure^'.  During  the  upsetting,  drawing- 
out,  swaging,  and  ring-rolling  operations,  there  is  considerable  latitude  for  metal  to 
flow  freely  since  there  is  little  confinement.  On  the  other  hand,  during  core  forging, 
die  forging,  and  extrusion  operations,  the  metal  is  so  confined  by  the  dies  that  there  is 
little  or  no  free  metal  flow.  Extrusion  forging,  for  example,  approaches  complete 
confinement  at  the  end  of  the  forging  stroke.  This  results  in  considerably  greater  re¬ 
sistance  to  metal  flow.  Th”.8,  a  metal  which  can  be  deformed  easily  when  frictional 
loads  are  small  requires  relatively  high  forging  pressures  during  extrusion  forging. 


TYPES  OF  FORGING  EQUIPMENT 

In  a  book  published  in  1938,  Naujoks  and  Fabol  described  forging-plant  equipment 
in  considerable  detail.  They  covered  forging  machinery,  shearing  equipment,  dis- 

sinking  equipment,  furnaces,  and  other  auxiliary  process  equipment  found  in  forging 
plants  at  that  time.  Since  then,  several  new  tjmes  and  new  modifications  of  forging 
equipment  have  been  introduced.  Hydraulic  presses  liave  increased  in  size,  the  counter¬ 
blow  hammer  was  inti  cdv.ccd  in  this  country.  The  Chambersburg  Cecomatic  Impacter 
was  developed  and,  more  recently,  high-velocii v,  pneumatic-mechanical  machines  have 
been  used  for  forging.  Larger  and  more  versatile  mechanical  presses  have  dso  in¬ 
creased  the  capability  of  the  forging  industry. 

The  behavior  of  metals  during  forging  is  influenced  by  the  time  necessary  to  com¬ 
plete  the  plastic  shaping.  Thus,  it  is  important  ic-  r6~ognize  that  the  basic  diffeic  ice 
between  the  t-^-pes  of  equipment  lies  in  their  forging  velocities,  or  rate.o  of  deformation 
(not  to  be  confused  with  cycle  rates).  Forging  hammers,  for  instance,  deform  metals 
at  rates  of  deformation  on  the  order  of  100  times  faster  than  do  hydraulic  presses.  The 
following  sections  describe  these  vwo  major  types  of  forging  equipment,  -  nd  more 

specialized  forging  machinery. 


*Keierences  are  listed  at  the  end  of  this  chapter. 
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TABLE  1-1.  DESCRIPTION  OF  AND  MACHINERY  USED  FOR  SEVERAL  COMMON 
TYPES  OF  FORGING  OPERATIONS 


^  Type  of  Forging  Method  '•f  Operation  Commonly  Used  Machinery 

Upsetting  Compression  parallel  with  the  Single-action  and  counterblow 

longitudinal  axis  of  the  work  hammers 

Upsetting  machines 
Hydraulic,  air,  and  mechanical 
presses 

High-energy-rate  machines 

Drawing  out  Stretching  of  the  work  by  a  Single-action  hammers 

aeries  of  upsets  along  the  Hydraulic  and  air  presses 

length  of  the  workpiece 

Die  forging  Compression  in  a  closed,  im-  Single-action  and  counterblow 

preaaion  die  hammers 

Hydraulic  and  mechanical 
presses 

High-eaergy-rate  machines 
Impacters 

Ping  rolling  Radial  compression  on  a  ring  Ring-rolling  mills 

shape  to  increase  diameter  Hammers  and  presses  with  sup¬ 
ported  mandrel 

Swaging  Radial  compression  by  shaped  Swaging  machine 

dies  to  lengthen  a  workpiece  Single-action  hammers 

Air  and  hydraulic  presses 

Core  forging  Displacing  metal  with  a  punch  Multiple-ram  presses 

to  fill  a  die  cavity 

Extrusion  forging  Forcing  metal  into  a  die  Hydraulic  and  mechanical 

opening  by  restricting  flow  presses 

in  other  directions  Multiple-ram  pre-scs 

High-enjrgy-rate  n  a  chines 

Back  extrusion  Forcing  metal  to  flow  in  a  Single-action  and  counterblow 

direction  opposite  to  the  hammers 

motion  of  the  punch  with  Hydraulic  a‘.d  mechanical 

respect  to  the  die  presses 

Multiple-ram  prestos 
High-energv  ’ra+r  t 


FIGURE  1-1.  PRINCIPLES  OF  SEVERAL  TYPES  OF  FORGING  OPERATIONS 
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Drop  and  Counttrblow  Hammtro 

For  drop  hammers  the  necessary  force  and  energy  are  supj'lie  i  '-ly  a  falling  weight 
or  ram,  usually  assisted  by  pressurized  air  or  steam.  Production  drop  hammers  range 
in  size  upwards  from  about  500  pounds.  The  largest  known  single-action  drop  hammer 
is  a  50,000-pound  steam  hammer.  Ram  velocities  of  drop  hammers  are  usually  on  the 
order  of  150  to  2^0  inches  per  second,  depending  on  stroke  length  and  whether  or  not  the 
basic  gravity  power  is  assisted  by  steam  or  air.  During  forging,  the  ram  strikes  the 
workpiece  with  repeated  blows  and  thus  shapes  the  metal  in  a  stepwise  fashion.  Drop 
hammers  are  equipped  with  an  anvil  or  static  base  10  to  20  times  heavier  than  the  ram. 

The  operation  of  counterblow  hammers  is  quite  similar  to  that  of  drop  hammers 
except  that  two  rams  are  activated  simultaneously  in  opposite  directions.  They  strike 
repeated  blows  at  a  midway  point  and  develop  combined  velocities  about  1-1/2  the  normal 
hammer  velocities.  The  equalizing  dynamic  forces  of  the  opposed  moving  rams  elim¬ 
inate  the  need  for  the  hea'/y  bases  characteristic  of  single-action  drop  hammers.  The 
largest  counterblow  hammer  in  this  country  is  said  to  develop  energy  equivalent  to  that 
of  a  150,  000-pound  drop  hammer.  Examples  of  both  types  of  forging  hammers  are 
shown  in  Figures  1-2  and  1-3. 

The  ratings  of  gravity  drop  hammers  are  based  on  the  energy  developed  when  the 
falling  ram  strikes  a  workpiece  at  the  velocity  determined  by  the  height  of  the  fall.  To 
develop  higher  energy,  preasuriaed  steam  or  air  is  used  to  drive  the  ram  at  higher 
velocities.  Thus,  shorter  strokes  can  be  used  to  achieve  a  given  energy,  or  more 
energy  can  be  delivered  for  a  given  stroke  by  increasing  the  ram  velocity.  Hence, 
larger  hammers  are  usually  of  the  steam  type. 

The  ratings  of  the  counterblow  hammers  are  based  on  ram  weight  and  the  com¬ 
bined  velocity  of  the  opposed  steam-driven  rams.  Since  the  combined  velocities  achiev¬ 
able  are  greater  than  those  obtainable  in  single-action  hammers,  ratings  based  only  on 
ram  weight  are  not  directly  comparable.  Essentially,  the  counterblow  principle  is  an¬ 
other  means  of  increasing  the  energy  a^railable  for  hammer  forging  without  necfcsser.'.'.y 
changing  ram  weight. 


Hydraulic  Presses 

Hydraulic  presses  are  operated  by  large  pistons  driven  bv  high  "-essure  hydraulic 
or  hydropneumatic  systems.  They  are  usually  slow  moving  (up  to  2  inches  per  second) 
under  pressure.  The  two  largest  presses  in  this  country  are  rated  at  50,  000  tons:  one 
is  at  the  Wyman-Gordon  Company,  North  Grafton,  Massachusetts,  ard  the  other  is  st  'ti» 
Aluminum  Company  of  America,  Cleveland,  Ohio.  Smaller  production  presses  range  in 
capacity  between  about  300  tons  and  35,  000  tons.  Typical  hydraulic  forging  presses  ars 
shown  in  Figures  1-4  through  1-8. 

Among  the  wide  variety  of  hydraulic  presses  available  in  the  forging  ir  •'.ustry, 
there  are  two  basic  types: 

(1)  Direct-drive  hydraulic  presses.  These  presses  operate  V'^'^h  hydraulic 

tluiJ  (oil  or  water)  pressurised  directly  by  high  -pressure  p'jmps.  Larger  ' 
presses  require  proportionally  lai  ger  pumps.  Hence,  the  capacity  of 
the.<«  presses  is  limited  to  some  extent  by  practical  limits  on  pump 
capacities. 


FIGURE  1-3.  A  LARGE  COUNTERELO*  HAWA'.ZR  WITi;  A  RATING  EGUtVALEHT 
TO  AIOUT  A  l$0,000-POUND  DROP  HAMMER 


Cawrt*ty  •<  LodisA  C«ii>^»wy. 


FIGURE  1-5.  18,000-TOM  SIHGUE  RAM  HYDRAULIC  FORGING 
Courfvty  of  Wymon-Gord*^r  Com|>oiiy. 


FIGURE  1-7.  rO,0(IO-TON  KYDiIaUI.IC  PORCINC  PRE*^ 


Cm>H»ty  *1  Wyww  C«r<«i»  Cwnyny. 
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FIGUIKC  l-S.  n,000>TON  MULTIPLC-ftAM  m'DKAUDC  PORGIHG  PRfiS$ 
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(2)  HydropnRimiatic  pressp.i.  TK-  le  presBei  operate  v'ith  hydraulic  fluid 
■  upplled  frorr>  accumulators  which  are  in  turn  preaaurlr.ed  by  hiith- 
prosaure  pumps.  The  larger  presses  arc  of  this  tyi.c 

A  slight  disadvantage  of  the  hydropneumatlc  uystem  is  that  the  accumulator  pressure 
drops  below  maximum  capacity  as  the  press  ram  advances.  Direct-drive  hydraulic 
presses  maintain  maximum  preaenre  throughout  the  pressing  cycle.  Hovh  types  of 
hydraulic  press  require  several  seconds,  or  more,  to  complete  e  forgli.g  cycle.  When 
forging  rneUls  heated  to  temperatures  well  above  that  of  the  dies,  a  comparatively  long 
forging  cycle  can  cause  chilling  of  the  workpiece  and/or  overheating  of  the  dies, 

The  multiple-ram  forging  press  u/fers  advantages  not  available  in  single-action 
press-forging  equipment  or  in  drop-hammer  equipmen*:,  A  typical  multlple-ram  hydrau¬ 
lic  forging  press,  shown  in  Figure  1-8,  can  be  used  to  forge  hollow  parts  in  one  pressing. 
Figure  1-9  shows  the  successive  steps  in  forging  a  double-cone  venturi  noaele,  demon¬ 
strating  how  the  muio  raia  serves  to  hold  two  split  dies  together  while  the  tide  rams 
force  heated  metal  to  take  the  ehape  of  a  part  impossible  to  forge  tn  a  single-action 
prees. 


(a)  HeetW  Bidet  In  Polities  en 
Die  fet  Perflnf 


(k)  Mels  Rem  end  Side  Resii  In 
Plnel  Polities  Derinf  forging 


(c)  Plnlih.'d  Peigiiii 


PICURB  1-9,  MULTIPLE-RAM  PRISS  FORCINC  OP  A  VENTURI  NOZZLE  SHAPE 
Ceerteiy  et  Cfi»ieren  Ires  We<Ki, 


Mechsnlcd  Presses 

Mechanical  presses  differ  from  haiiuuers  and  hydraulic  presces  in  that  they 
two  working  surfaces  together  by  offset  cams,  cranks,  and  other  rigidly  connected 
mechanical  syateme.  The  etrokes  of  mechanic^'  presses  are  shorter  than  those  of  either 
hammers  or  hydraulic  presses.  For  this  reason,  mechanical  pr  ases  are  often  favored 
for  low-profile  forgings.  Mechanical  press,  a  range  in  slse  upwards  to  nearly  10,  0t*0- 
ton  capacity. 

An  advantage  of  mechanical  pressea  is  that  thev  have:  accara.ul,'  couiroUcd  strokes; 
therefo:  r,  closer  tolerances  can  usually  be  expect-d.  Ths  greate  i  lorging  loads  are 
developed  at  the  eiiu  ■■■  the  stroke.  disadvantage,  compared  with  hammers,  is  that  the 
forging  action  ie  slow,  ram  speeds  beiiig  in  the  vicinity  of  I  to  10  In.  /sec.  For  tkii 
reason,  dre-chilling  effects  impuse  restrictions  on  forging  designs  in  much  the  same 
msnner  as  '  hydraulic  presaes. 


Mechanical  preases  are  commonly  used  in  automated  forge  a'lops  v'here  i»rge 
prodai  tion  quantitioa  are  made  with  each  tooling  setup.  Their  greatest  use  in  job  shops 
is  for  trimming  forgings  made  on  the  more  versatile  hammers  and  _^resBf'r:. 


Impoetsrs 

Impacters  consist  of  opposed  hamroura  that  operate  on  the  same  principle  as  the 
counterblow  hammer  except  that  the  rams  operate  horizontally,  This  equipment  is 
designed  specifically  fox  producing  large  quantities  of  low-profile  forgings.  The  rams 
are  said  to  strike  at  speeds  about  equal  to  thoae  of  haiiiinera,  with  energy  ranging  up¬ 
ward  to  the  equivalent  of  a  5000-pound  drop  hammer.  k.quipment  of  this  kind  is  lound 
in  specialty  forge  shops'*  that  produce  large  volumes  of  a  particular  type  of  part.  Im- 
pacteis  are  not  often  used  by  commercial  forge  shops. 

Like  mechanical  presses,  impacters  are  readily  adapted  to  automation.  Because 
the  faster  ram  velocities  minimize  die  chilling,  impacters  are  useful  Car  producing 
forgings  with  thinner  sections.  Heavy  hammer  bases  are  not  needed  for  impacters  be¬ 
cause  the  opposed  m.ving  rams  react  with  each  other  during  the  forging  process. 

During  forging,  the  part  is  held  between  the  dies  by  a  manipulator  set  to  position 
the  forging,  automatically,  for  successive  blows.  For  this  reason,  forgings  designed 
for  Impacteru  require  an  added  piece  of  metal  fox  handling  purposes. 


Hlgh-Energy-Rotc  Forging  Machines 

High-energy-rate  forging  machines  are  based  on  essentially  the  same  principles 
as  are  drop  hammers  and  impacter*  They  pr;;vlde  greater  energies  for  a  given  ram 
weight  by  using  ram  velocities  on  the  order  of  2  to  10  times  those  of  hammers.  One 
machine  with  a  2000-pound  ram  (Model  21C  Dynapak)  is  said  to  develop  a  striking  ener^. 
comparable  with  that  of  a  10,  000-pound  drop  hammer.  One  of  the  most  significant  ad¬ 
vantages  of  these  machines  is  that  the  ram  velocity  (hence  the  impacting  energy)  is 
highly  reproducible.  Forgings  may  be  made  to  close  tolerances  without  the  dle-to-die 
contact  necessary  for  dimensional  control  In  hammer  forging.  Because  die-contact 
times  are  short,  parts  with  unusually  thin  sections  may  be  forged  in  these  machines. 

As  a  result  of  the  high  strain  rates,  the  metal  temperatures  may  actually  increase 
significantly,  depending  on  the  amount  of  deformation  that  takes  plsi-e.  actually 

becomes  a  limiting  factor  when  forging  metals  with  narrow  forging-temperatur'-  ranges. 

High-energy- rate  forging  machines  all  op«aate  on  essentially  the  aamo  principle: 
the  sudden  release  of  a  stored,  compressed  gas  agalnat  a  free  piston.  However,  the 
methods  of  releasing  the  gas  to  actuate  the  piston  and,  accordingly,  the  machine  con¬ 
struction  have  changed  as  Improvements  and  Innovations  have  been  ince  porated  in  the 
basic  designs, 

*Diftlncbon  ii  made  hen  between  ipecialty  dr«i  Lc’iimercial  fotge  sIiojm.  dpecUlty  forge  ihopi  uualiy  limb  rheir 
(o  a  few  tyeei  of  parti  while  the  conmeicial  forge  ibop>  hendle  any  numbet  of  rhaper  and  liter  of  forg'ng;.  t'aptive  torga 
ii.opi  such  aa  thete  in  ite  automobilo  indiotry  are  eaatrplei  of  ipecialty  ihopi  •In.-r.  tbry  produce  luch  pa  .  ».  connecting  todi, 
crinkahafti,  gean  ,  on  a  contlnuoui  haili. 


All  of  the  machines  are  self-reacting,  that  is,  the  mon-entum  of  the  ram  is  offset 
by  an  equal  and  opposite  momentum  of  the  anvil  or  platen.  The  Dynapak  machine  is 
similar  in  this  respect  to  drop  hammers  in  that  the  energy  of  -  fast- moving,  lightw<  ight 
ram  is  reacted  by  a  slow-moving,  heavier  platen  which  is  also  the  machine  frame.  The 
Hermes  machine,  on  the  other  hand,  is  more  liKo  an  impacter  in  that  the  energy  of  the 
upper  ram  is  balanced  by  an  opposing  ram  of  equal  weight  moving  at  the  same  velocity. 
Because  of  this  self-reacting  principle,  the  machines  do  not  require  maBsive  foundations 
as  do  conventional  drop  hammers. 

Early  models  of  the  Dynapak  machine,  as  shown  In  Figure  1-10,  utilize  tic-rod 
construction  for  the  frame.  The  main  cylinder  consists  of  two  chambers;  one  for  stor¬ 
ing  the  compressed  gas  and  the  other  for  housing  the  piston  assembly.  The  piston  is 
raised  to  the  "firing"  position  by  hydraulic  fluid  which  is  then  replaced  by  low-pressure 
gas.  The  piston  is  then  "fired"  by  opening  a  quick-release  valve  in  the  upper  chamber 
and  exposing  the  piston  face  to  the  high-pressure  gas.  The  machine  assembly  is  at¬ 
tached  to  the  housing  through  shock  absorbers  mounted  on  the  tie  rods.  Thus,  as  the 
ram  advances,  the  heavier  machine  assembly  moves  in  the  opposite  direction  at  a  slower 
speed,  but  with  equal  momentum. 


FIGURE  MO.  TYFICAL  H!«H-t:HER6Y.RATE  MACHIH*’ 
INSTALLATION 


Courtesy  of  Gsnorol  Dynamics. 


Later  models  of  the  Dynapak  are  built  with  a  yok.}  type  of  fra-nf  construction, 
shown  ’1.  F  igure  1-11.  With  this  design,  a  single  ciiamber  houses  both  the  compressed 
gas  anti  the  piston.  ..he  piston  is  "cocHed  '  and  sealed  against  the  top  of  the  chamber  by 
two  jacks  mounted  in  the  base  of  the  frame.  With  high-pressure  gas  in  the  chamber,  the 


TRIGGER  GA3  INLET 


RAM  WEIGHT 


FORGED 

ONE-PIECE 

FRAME 


HYDRAULIC 

JACKS 


AIR  CUSHIONS 


FIGURE  SCHEMATIC  DIAGRAM  OF  DYHAPAK  MODEL  »20  C  HIGH-EMERGY-RATE 
FORCING  MACHINE  SHOWING  ESSENTIAL  COMPONENTS 
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ram  is  held  in  position  by  the  gas  pressure  ai.d  the  machine  is  in  static  balance.  The 
piston  seal  is  then  broken  by  injecting  gas  between  the  top  of  the  chamber  and  the  pis'^on, 
thereby  exposing  the  piston  face  to  the  high-pressure  gas  and  driving  it  do.\m\vard.  At 
the  same  time,  the  frame  is  moved  upward.  Air  cushions  are  used  to  support  the  float¬ 
ing  frame  and  return  it  to  its  original  position  at  the  end  of  the  stroke. 

In  the  Hermes  machine,  shown  in  cutaway  view  in  Figure  l-lil,  high-presL,ure  gas 
is  stored  in  a  chamber  in  the  upper  platen.  As  the  gas  is  released,  it  acts  upon  the 
drive  piston  attached  to  the  lower  platen  and  upon  the  upper  platen  at  the  same  time. 

This  force  drives  the  two  opposing  platens  toward  each  other  at  the  same  speed.  As  the 
platens  close,  gas  is  compressed  in  a  separate  cyli'-'^’e.r  containing  a  piston  connected 
to  the  upper  platen.  The  high-pressure  gas  in  this  counterbalancing  cylinder  then  re¬ 
turns  the  platens  to  their  original  position. 

Compressed  nitrogen  gas  is  used  for  thesf  -machines  because  it  is  noncorrosive, 
readily  available,  and  wiH  -.'.ot  create  a  fire  ha  .  rd  when  mixed  with  oil  vapor.  Very 
small  amounts  of  nitrogen  are  consumed  in  each  cycle,  which  is  not  an  appreciable  coat 
factor. 

The  velocity  and  energy  of  impact  of  high-energy-rate  machines  are  controlled  by 
the  gas  pressure  and  the  mass  of  the  ram  assembly.  Machines  of  this  type  mounted 
cither  vertically  or  hoi-izontally  are  built  with  strokes  up  to  Id  inches,  capacities  up  to 
about  250,  000  ft-lb,  and  ram  velocities  up  to  about  100  ft/ sec. 

Because  these  machines  utilise  a  high  velocity  in  place  of  a  large  ma  j  to  develop 
energy,  there  is  a  considcrrble  saving  in  weight  over  conventional  hammers  and  presses. 
For  example,  the  weight  of  a  moving  ram  can  be  reduced  95  per  cent  oy  a  fivefold  in¬ 
crease  in  velocity  to  obtain  the  same  energy  level. 

Forging  dies  for  these  machines  need  not  be  as  massive  as  for  drop-hammer 
forging  but  design  is  more  critical  because  of  the  impact  loading.  Die  material.-  must 
be  selected  for  maximmn  toughn<  is  and  shock  resistance.  Properly  designed  tools 
will  not  contact  one  another  during  the  forging  stroke.  Rather,  the  design  should  permu 
all  energy  to  be  absorbed  by  the  workpiece.  This  practice  avoids  die  failure.  It  is  im¬ 
portant  to  consider  the  following  points  when  forging  In  high-energy-rate  machinea; 

(1)  The  machine  must  not  be  fired  unless  a  workpiece  is  placed  between 
the  dies. 

(2)  For  forgings  that  require  restrikmg,  it  is  important  to  reduce  the  eucrgy, 
by  lowering  gas  pressure,  enough  t''  .lo  just  the  work  required,  Otbec  - 
wise,  die  failures  are  likely, 

(3)  The  centers  of  gravity  of  tools  and  workpi«*ct  mast  be  aligne.i  axially. 

This  avoids  side  thrust  that  may  dan;?ge  the  machines, 

(4)  Dies  should  be  designed  so  that  the  forging  either  can  bt  ••]ini''kly  re¬ 
moved  from  the  dies,  or  can  repeatedly  stay  in  one  of  them,  ’''’-is- 
practice  increases  die  life  and  permits  cltse  tolerances  in  at  learnt  one 
die. 


(5) 


i8 

Forgings  inny  'oc  niaile  using  multiplo  bl  ivs  with  ussentially  the  tame 
techniques  and  design  principles  as  used  in  iianimcr  forging. 

(6)  Energies  available  for  forging  are  readily  approxime' ed  from  the 

iamiliar  formulas  for  kinetic  energv  (E  =  mv^)  and  isothermal  gas  ex¬ 
pansion  (PjVj  =  P2V2). 

Tests  conducted  at  Battclle  indicated  that  the  Model  1210  Oynapak  attains  actual  velocities 
approximately  80  per  cent  of  those  calculated  over  a  fire  pressure  range  of  400  psig  to 
1200  psig.  It  is  asaurned  that  most  mrchines  would  perform  similarly. 

It  should  be  recognized  that  improvements  are  continually  being  made  on  high- 
energy-rate  machines  to  improve  the  stroke-cycle  rate.  Most  of  these  improvements, 
however,  do  not  alter  the  basic  principle  of  operation,  only  the  means  for  accelerating 
and  returning  the  rani. 


Ring-Rolling  Mills 

Ring-rolling  mills  operate  on  the  same  principle  as  horizontal  bar-rolling  mills 
except  that  the  rolling  operation  starts  with  a  thick-wall  ring-shaped  blank  instead  of  a 
billet.  By  continually  reducing  the  wall  thickness,  the  circumference  of  the  ring  is 
enlarged.  Forging  companies  having  these  mills  will  usually  die  forge  the  ring-shaped 
blanks  in  presses  or  hammers.  As  indicated  in  Figure  1-13,  rings  are  frequently  rolled 
to  contours  similar  to  those  of  channels,  I-beams,  angles,  and  other  shapes  producible 
in  conventional  rolling  mills.  The  principal  advantage  lies  in  the  fact  that  the  circular 
shapes  need  not  be  welded. 

Rolled  rings  are  also  used  to  produce  blanks  for  the  shear-forming  process.  Some 
shapes  and  designs  producible  by  ring  rolling  are  illustrated  in  Chapter  4. 


Swogisg  Machines 

The  most  common  type  of  swaging  machine  consists  of  e  power-driven  ring  that 
revolves  at  high  speed  causing  rollers  to  engage  cam  surfaces  and  force  the  segmented 
dies  to  deliver  hammer-like  blows  on  the  work  at  high  frequencies.  The  machines  are 
useful  for  reducing  rods  without  resorting  '<0  expensive  rolling  ope**-*-^in3.  They  can 
produce  both  straight  and  tapered  cylindrical  sections. 


Rotary  Forging  Machines 

Rotary  forging  machines  operate  on  a  principle  similar  to  t*  ^t  of  swaging  machines, 
but  they  are  more  versatile.  They  can  be  used  to  work  bar  and  tubing  into  »  variety  of 
round  shapes  having  varying  diameters  and  tapers  along  the  axis.  These  1  lachines  ar: 
used  frequently  to  forge  short  runs  of  shapes  that  otherwise  would  be  extr'u.bc.'  or  upset 
forged,  the  principal  advantage  being  that  tooling  Is  less  expensive  ihan  lor  eicner  ot 
the  latte-  operations, 

The  niachines  consist  of  a  base  which  holds  the  hammers,  supporting  framework, 
and  a  rotnry  spindle  which  holds  the  workpiece  (see  Figure  1-14),  The  workpiece  is 


FIGURE  i-13.  SCHEMATIC  MACRAM  OF  A 
TYPICAL  RIHG-ROLLING  OPERATfOM 
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IGURE  1-U.  CUTAWAY  DRAWING  ILLUSTRATING  THE  BASIC  OPERATING 
FEATURES  OF  A  ROTARY  FORGING  MACHINE 
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held  in  a  chucking  head  by  jav.-ii  operated  with  corr.presaeri  air.  The  chucking  head 
rotates  and  guides  the  workpiece  to  the  forging  hammers.  At  each  impact  of  the  forging 
hammers,  the  workpiece  is  halted  in  its  movement.  An  internal  mandrel  is  used 
when  tubing  is  being  forged.  Forging  action  is  obtained  through  three  or  four  small 
hammers  that  are  connected  to  fast-moving  eccentric  shafts.  Hammers  are  located  at 
ecjual  spacings  around  the  work-piece,  and  all  hammers  impact  at  the  same  time.  Thus 
shock  transmission  through  the  machine  to  the  foundation  is  held  to  a  minimuiu. 

The  machine  is  capable  of  completely  automatic  operation  except  for  feeding  and 
removal  of  the  w’orkpiece.  The  speed  oi  forging  may  be  changed  manually  during  the 
forging  cycle  by  the  operator  as  desired.  The  dimensional  accuracy  and  surface 
finish  are  a  function  of  the  chuck  speed.  Tolerances  on  tubing  details  can  be  held  within 
±0.  012  inch  on  the  OU  and  ±0.  004  inch  on  the  ID  when  forged  on  a  mandrel.  Tolerances 
for  solid  cylindrical  forgings  are  :t0.  OOd  inch  for  diameters  below  2,  SB  inches  and 
^0.012  inch  for  larger  diameters. 

The  rotary  forging  machine  has  a  distinct  advantage  In  costs  because  universal 
dies  may  he  used  for  a  large  number  of  forging  operations.  The  life  of  the  dies,  de¬ 
pending  on  operating  conditions,  is  between  1000  to  2000  parts.  Forging  at  elevated 
temperatures  does  not  materially  affect  the  life  of  the  forging  hammers  since  contact 
time  of  the  workpiece  is  very  ahori  and  sufficient  cooling  of  the  hammer  is  provided  by 
the  lubrication  system  and  air  blast. 


SheofFormtng  Machines 

Shear  forming,  otherwise  known  as  hydroapinning,  r>pin  forging,  shear  spinning, 
flow  turning,  etc. ,  is  a  process  that  combines  spinning  with  the  ring-rolling  process. 

It  changes  the  shape  of  a  plate  or  ring  by  applying  force  through  pressure  rolls  ouerst- 
ing  against  the  workpiece,  which  is  held  by  a  turning  mandrel.  During  the  process, 
flat  metal  blanks  are  reduced  in  thickness  between  the  rolls  and  the  mandrel,  and  the 
shape  is  frequently  changed  to  ar* symmetrical  shapes,  such  as  cones,  cylinder;,  and 
hemispheres.  Although  this  operation  is  not  considered  forging,  it  is  frequently  tied 
in  closely  with  other  forging  operations  in  the  production  of  such  shapes.  Shear  forming 
also  is  finding  Increasing  application  in  the  secondary  shaping  of  rolled  rings  and  forged 
hemispheres. 

In  one  typical  process,  a  blank  is  placed  on  the  end  of  the  mandrel  and  clamped  by 
a  hydraulic  riun  (Figure  1-15).  A  templet  for  the  part  is  connecled  into  m.  .racing  system 
and  the  required  pressure  for  the  rollers  is  preset.  The  mandrel  is  then  spur  it  a  rate 
which  normally  exceeds  1000  surface  feet  per  'oinute.  A  rate  of  spejd  is  then  f  :iab- 
lished  for  the  rollers.  A  feed-rate  range  from  0,  005  to  0. 150  inch  revolution  is 
possible  on  most  equipment.  Slower  feed  rates  give  better  surface  finis!  ss.  Contact 
pressures  on  the  rollers  close  to  400,000  pel  arc  poenible  on  current  equipment. 

During  the  process,  the  metal  is  always  displaced  parallel  to  the  :«nterline  o<  the 
part.  This  condition  holds  even  though  the  forming  takes  place  over  a  tapered  r  on>' 
bect.us«  the  material  ahead  oi  the  iorming  tool  is  always  parallel  to  the  b'.'.'ik 

position.  Since  the  rnateiial  ahead  of  die  rollers  remains  imdisturbed,  aTip  oi  material 
with  the  orig  thickness  may  be  obtained  by  stopping  the  process  at  a  .y  point.  This 
condition  aluu  permita  tlte  adc  of  a  starting  blank  which  has  some  shape  other  than 
circular. 
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Most  of  the  engineering  niaterialH  o;  structural  assign  ran  be  ahear  formed, 
provided  sufficient  ductility  is  available.  vVork  has  been  performed  on  carbon,  low- 
alloy  and  heat-resistant  steels,  superalioys,  aluminum  alloys,  titar.iuni  ^illoys,  mag¬ 
nesium  alloys,  and  molybdenum  alloys.  However,  when  the  materials  lack  sufficient 
ductility  at  room  temperature  they  must  shear  formed  at  elev:ited  temperatures. 

Tensile  data  are  useful  for  predicting  the  maximum  permissible  reduction  in 
spinning  and  shear  forming.  Fc  metale  exhibiting  e  true  necking  strain  of  less 

than  0.  5  in  tension  tests,  the  maximum  spinning  reduction  improves  with  ductility. 

For  metals  with  tensile  reduction  of  area  values  above  45  per  cant,  the  maximum 
spinning  reduction  in  one  paee  le  about  80  per  cent  and  is  relatively  independent  of  the 
ductility  value.  The  minimum  included  cone  angle  tw  vhlch  a  metal  may  be  shear  spun 
from  a  flat  blank  is  about  30  degrees.  Present  equlpmsnt  capacity  will  produce  a  piece 
with  e  70-inch  maximum  swing  and  a  50>inch  maximum  length. 

The  following  shapes  have  been  made  on  sheer-forming  equipment;  (a)  straight- 
wall  cenes,  (b)  straight-wail  tubes,  (c)  curvilinear-wall  shapes,  and  (d)  hemispherical 
or  elliptical  shapes.  For  economy  of  operation,  most  of  the  curved  shepos  require  a 
formed  starting  blank.  The  starting  blank  can  be  a  sheet,  plate,  forging,  casting, 
or  formed  and  welded  eheet. 

The  final  wall  thlckneea  is  determined  by  the  etarting-blank  thickness  and  the 
included  angle  of  the  cone.  The  thickness  at  any  point  in  the  part  measured  parallel 
to  the  centerline  of  the  part  remains  the  aamc  as  the  original  thickness  of  the  blank  of 
the  finished  part.  For  this  reason,  thickness  can  be  changad  only  by  changing  the  orig¬ 
inal  blank  thicknecs  or  by  changing  the  blank  configuration*  When  shear  forming  a  flat 
blank  over  a  curved  mandrel,  the  part  thickness  varies  according  to  the  angle  tangent  to 
the  curvature  at  the  point  of  contact.  For  this  reason,  a  contoured  blank  is  required  to 
achieve  a  uniform  wall  thlckneea  over  a  curved  mandrel  surface. 

The  following  formula  may  be  used  to  calculate  the  finished  part  thicknese; 

T{  •-<  T  Bin  a 

where 

T£  ■  the  finished  part  thickness 

a  ■  the  angle  of  the  part  measured  from  the  centerline  of  the  part 
T  ■  the  etarting-blank  thickness. 

Figure  1-16  illustrates  a  typical  conical  shapv  flow-turned  frorn  a  blank  of  conslAr.t 
thickness,  showing  the  location  of  the  angle  a  and  other  values  used  in  the  abovo 
formulsu 
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rieuRi  t.tt. 

KITCM  ILLMTKATIM  TNI 
PINAL  TINCKNIU  OP  A  CONI  At  A 
PUNCTIOH  OP  TNI  MAIWIIL  ANLLP 


CHOICE  OP  HAMMERS  OR  PRESSES 

Dlocuoolono  concerning  either  drop-homirrer  forging  or  hydraulic^preoi  forging 
generally  cite  certain  advantagea  for  one  or  the  other  methods.  .Essenlially,  press 
forging  offers  unique  advantages  over  hammer  forging  only  when  faster  deformation 
rates  Introduce  nesv  problems.  For  example,  magnesium  and  beryllium  are  forgeable 
at  press  speeds,  while  at  hammer  speeds  both  metals  often  crack.  Furthermore, 
castable  alloys  such  as  klrkaite,  beryllium-copper,  and  superalloys  can  be  used  for 
press-forging  dies,  but  these  materials  usually  lack  the  necessary  shock  resistance  for 
hammer  applications.  Themost  significant  disadvantiytes  of  press  forging  are  confronted 
when  the  metal  being  forged  requires  considerably  higher  workpiece  temperatures  than 
can  be  achieved  on  the  dies.  Such  metals  ere  essentially  "die  quenched"  during  forging, 
that  Is)  the  temperature  of  the  workpiece  rapidly  approaches  that  of  the  die.  As  a  re¬ 
sult,  greater  deformation  pressures  are  necessary.  This  is  particularly  a  problem  if 
the  metal  becomes  embrittleu  at  some  temperature  between  the  original  workpiece 
temperature  and  die  temporature. 

Metals  forged  in  hammers  are  likely  to  exhibit  a  significant  temperature  rise  dur¬ 
ing  rapid  deformation.  This  is  a  problem  T^en  forging  metals  like  aluminum  or  super- 
alloys  at  temperatures  close  to  their  melting  temperatures.  The  temperature  rise  is 
usually  less  significant  during  press  forging. 

When  forging  steels  and  other  alloys  subject  to  scaling,  the  hammer  ha?  an  advan¬ 
tage  in  that  scale  can  be  removed  easily  trom  the  die  cavity  during  forging  u.id  loob«^r.  ' 
from  the  workpiece  by  the  repetitive  striking  action  of  the  hammer.  In  presses,  the 
scale  is  frequently  pressed  into  the  workpiece  surface  and  is  difficult  to  remove  from 
die  recesses. 

Presses  are  favored  for  metals  that  have  forging  temperatures  close  ;  .  that 
achievable  on  dies.  Converooly,  hammers  are  preferred  ioi  forging  metals  thi re- 
qui.re  higher  wor)q>iece  temperatures.  Presses  are  often  preferred  .or  converting  cast 
ingots  because  it  is  easier  to  observe  any  cracks  oi  ruptures  that  o  vur  during  forging. 
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TABLE  1-2.  COMMENTS  ON  THE  CHOICE  OF  EITIIEJ  HAMMERS  OR  PRESSES  FOR 
FORGING  ALLOYS  OF  SEVERAL  MET  AO- BASE  SYSTEMS 


Alloy  System  Choice  of  Equipment 

Aluminum  Presses  pref-rred  if  part  requires  severe  deformation; 

otherwise  optional 

Beryllium  Presses  preferred  beca_ju  of  poor  forgeability  under  rapid 

deformation  rates 

Copper  Hammers  preferred  because  workpiece  temperature  is  more 

easily  maintained;  presses  preferred  for  forging  bronse 
alloys  and  high-sinc  brasses  that  are  sensitive  to  deforma¬ 
tion  rate 

Columbium  Hammer  preferred  for  wrought  alloys  when  high  forging 

temperatures  are  required 

Magnesium  Presses  preferred  because  of  poor  forgeability  under  rapid 

deformation  rates 

Molybdenum  Hammers  preferred  for  wrought  alloys  when  high  forging 

temperatures  are  required 

Nickel  Choice  depends  on  section-thickness  requirements;  hammers 

are  preferred  for  forgings  with  thin  sections  (less  than  1/2 
ins.h);  otherwise  optional 

Steels  Harr,  .lers  preferred  for  forgings  containing  thin  sections 

(carbon  and  low  alloy)  or  when  scale  removal  is  a  problem;  otherwise  optional 

Steels  Hammers  preferred  for  forgings  containing  thin  sections; 

(stainless  grades)  otherwise  optional 

Tantalum  Hammers  preferred  for  vrrought  alloys  whe*^  vjyj,  forging 

temperatures  are  required 

Titanium  Hammers  prefuriSd  for  forgings  containing  thin  secrio.c^ ; 

otherwise  optional 

Tungsten  Hammers  preferred  for  wrought  alloys  when  high  foiging 

temperatures  are  required, 

Press-B  preferred  if  blUets  are  jackattd  (fo.-  tempev.^;  res 
above  1400  F);  optional  if  forging  tempeiat  ic  is  voi.jv 
1400  F 


Zirconium 


I'ahle  1-2  lists  several  ■■oiiMnoii  I  ..i  j^iiig-alloy  systems  and  gives  ‘■|■)nle  geii^'‘..l 
comments  about  the  choice  of  either  presses  or  hammers  fu;.'  forging  the  alloys.  H»:- 
cauoe  there  ia  a  basic  difference  in  the  time  required  to  forn\  a  particular  slispc,  the 
most  practical  forging  design  for  hammers  may  differ  from  that  for  presses.  The  im-  st 
noticeable  difference  is  in  section  si*e  for  alloys  having  forging  temperatures  higher 
than  that  rermisslble  for  dies.  There  are  a  fev  tasrs  where  forging  designs  are 
particularly  suited  to  one  or  the  other  forms  of  equipment.  For  example,  multiple-ram 
presses  have  advantages  in  shape  versatility  not  available  in  hammers.  Cn  the  whole, 
however,  the  majority  of  materials  nd  shapes  can  be  forged  interchangeably  in  either 
hammers  or  presses.  In  most  cases,  the  choice  is  more  a  matter  of  economics  than 
of  technical  considerations. 
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CHAPTER  2 

METAL  FLOW  IN  DIE  FORGINGS 
DEVELOPMENT  OF  GRAIN  FLOW 


As  recei/ed  for  industrial  forging  operations,  metals  and  alloys  ordinarily  exist 
in  one  of  two  basic  forms:  (1)  consolidated  (cast,  or  pressed  and  sintered)  or 
(2)  wrought  (consolidated  and  deformed  plastically;. 

Consolidated  metals  are  made  up  of  crystals  or  grains  with  random  orientations, 
and  exhibit  essentially  uniform  properties  in  all  directions.  On  the  other  hand,  wrought 
material  has  been  extruded,  rolled,  cogged,  or  otherwise  elongated  plastically,  and 
usually  exhibits  better  duoUlity  in  a  direction  parallel  to  that  of  the  plastic  elongation. 
This  is  particularly  true  of  metals  containing  minor  amounts  of  segregation  or  of  a 
second  phase.  Through  plastic  deformation,  the  grains,  the  segregation,  and  any 
phases  present  become  oriented  parallel  to  the  elongation.  This  orientation  effect  is 
called  grain  flow  or  fibering. 


DIRECTlOH  OS  METAL  FLOW  IN  PLASTIC  DEFORMATION 
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FIGURE  2-1.  TYPICAL  DEVELOPMENT  OF  CRAIN  FLOW  BY  PLASTIC 
DEFORMATION  OF  METALS 

The  typical  development  of  grain  flow  by  plastic  dcfcr-mation  is  ’  lustrated  sche¬ 
matically  in  Figure  2-1,  where  the  first  sketch  shows  the  random  structure  of  a  motal 
as  it  might  appear  after  consolidating  by  either  casting  or  bv  powder-metallura  tech¬ 
niques.  The  second  sketch  shou-s  hew  the  metal  8truci'',re  i::  oriented  in  a  Dart'.cu’  .r 
direction  by  plastic  deformation.  The  third  sketch  show'i  that,  even  aftor  recrystai- 
lization,  the  segregation  and  second  phase  are  oriB,ii  -.d  .>10..^  ti.e  axji  '  principal 
deformation. 
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Not  all  of  the  effects  of  ^ .  nin  flow  are  this  obvious.  For  example,  cast  alloys 
are  usually  heterogeneous  and  e<hibit  loco'ized  alloy  segregation.  After  deformation, 
the  alloy-rich  and  alloy-lean  areas  term  alternating  layers  parallel  to  the  direction  of 
principal  elongation.  This  effect,  which  is  illustrated  in  Figure  .2  -2,  i.,  called  banding 


ALLOY-LEAN 

AREAS 


ALLOY-RICH 
AREAS  (SHADED) 


FIGURE  2.?.  BANDED  STRUCTURE  TfPICAL 
OF  METALS  CONTAINING  ALLOY 
SEGREGATION  AFTER  PLASTIC 
DEFORMATION 


There  are  many  factors  that  can  contribute  to  grain  flow  effect*.  Several  of  these 
factors  and  their  general  Influence  on  properties  are; 

Ductile  Segregation. 

Segregation  that  deforms  plastically  with  the  base  metal  will  be  ¬ 
come  elongated  during  forging.  This  change  in  shape  causes 
ductility  and  toughness  to  improve  in  the  longitudinal  direction* 
and  to  worsen  in  the  transverse  direction*  compared  with  these 
properties  of  the  starting  billet.  (Example:  sulfides  in  steel. ) 

Brittle  Segregation. 

Segregation  that  does  not  deform  plastically  with  the  base  metal 
will  usually  break  up  to  form  discontinuous  bands  of  smaller  parti¬ 
cles.  (Ebcamples:  undissoived  carbides  in  stainless  steels:  nitrides 
in  superalloys.)  The  ductility  of  metals  containing  brittle  segrega¬ 
tion  will  usually  improve  in  both  the  longitudinal  and  transverse 
directions  with  increasing  plastic  deformation. 

Alloy  Segregation. 

Alloys  containing  inhomogeneous-alloy  distributions  will  develop  a 
banded  structure  after  plastic  deformation.  Banding  in  this  case 
consists  of  alternating  layers  oi  alloy-rich  and  alloy-lean  areas 
The  principal  mechanical  properties  affected  by  banding  are  strer.g^'h 
and  ductility.  Higher  values  for  both  properties  are  generally  found 
in  the  longitudinal  direction.  (An  exaii^ple  of  alloy  segre -Ration  in 
as-cast  material  is  found  in  dendritic  structures,  where  the  cures 
of  the  dendrites  are  of  a  slightly  different  alloy  composition  than  he 
surrounding  material).  .Alloys  given  increasing  amounts  of  hot  wori' 
will  usually  become  more  homogeneous,  and  eventually  th-^  ulte!::.  oL 
alloy  segregation  will  become  negligible. 


*Tlie  longitud..''.al  .i:;.:ctton  ii  parallel  to  the  major  direction  of  piastir  elongation.  A  wrought  bar,  for  example,  has  longitudi¬ 
nal  grain  flow  paral  'rl  to  the  bar  axis.  Conversely,  the  transverse  direction  Is  perpcndienlar  to  the  direction  of  rlastie 
elongation. 
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Low-Melting  Phases. 

When  metals  are  consolidated  by  casting,  the  alloy  segrec'ation 
that  occurs  during  solidifies  ion  usually  results  in  the  forn-atiur. 
of  I'-w-melting  phases  {e  g.  etj^'ectics,  sulfides,  etc.),  ouoh 
phaees  solidify  in  the  origin  1  '^rain  boundaries  and  may  cause 
weaknesses  at  forging  temperatures.  In  many  instances,  these 
phases  can  be  dissolved  in  th-  base  metal  by  suitable  homogeni¬ 
zation  treatments  at  ternporatures  just  below  their  melting  tem¬ 
peratures.  This  usually  improves  forgeability.  If  the  low- 
melting  phases  cannot  be  eliminated  by  this  treatment,  they 
generally  influence  directional  propertie.^  docs  either  ductile 
or  brittle  segregation.  If  dissolved,  the  low-melting  phases  in¬ 
fluence  directional  properties  like  alley  segregation  does. 

Second  Phases. 

For  reasons  determined  by  their  composition  and  constitutional 
diagrams,  certain  alloys  ordinarily  contain  two  phase*’.  (Ex¬ 
amples;  ferrite  and  austenite  in  high- chromium  stainless  steels, 
alpha  and  beta  phases  in  some  titanium  aUoys. )  When  the  two 
phases  are  elongated  hy  plastic  deformation,  they  cause  direc¬ 
tional  variations  in  properties.  The  shape  of  the  e'ongated  grains, 
however,  can  usually  be  altered  by  heat  treatments,  thus  mini¬ 
mizing  directional  variations.  By  annealing  the  alpha-beta  tita¬ 
nium  alloys  at  certain  temperatures,  the  alpha  phase  becomes 
equiaxed.  This  change  in  grain  shape  eliminates  most  of  the 
directionality  in  mechanical  properties. 

Crystalline  Anisotropy. 

When  metals  are  deformed,  their  grains  often  become  oriented  in 
such  a  fashion  that  th;  .*e  is  a  aistinct  alignment  of  certain  crystal¬ 
lographic  planes.  This  removes  the  randomness  ordinarily  associ¬ 
ated  with  polycrystalline  materials  and  promotes  a  condition  favor¬ 
able  for  anisotropic  mechanical  properties. 

Die  forgings  are  seldom  forged  directly  from  as-consolidated  materials.  Usually, 
they  are  forged  from  wrought  materials  that  have  been  either  rolled,  extruded,  or 
cogged  to  bar  shape.  Sometimes,  as-cast  ingots  or  pressed-and-sintereu  bars  are 
upset  forged  between  either  flat  or  generously  contoured  dies,  but  these  are  sl-ps  pre¬ 
liminary  to  die  forging  with  the  purpose  of  developing  favorable  wrought  structures  in 
shapes  that  ultimately  are  to  be  forged  to  disk-type  configurations. 

Figures  Z-3  and  2-4  show  schematically  how  gram  flow  in  the  original  bar  stock 
is  reoriented  during  the  forging  of  two  types  of  die  forgings:  a  disk  ana  a  rib-and-web 
shape.  A  series  of  loops  is  developed  in  the  grain-flow  pattern  of  the  disk  forcing. 

These  grain-flow  loops  are  developed  during  the  initial  upsot  foogin.;  operation  and 
carry  through  the  final  operation.  By  contrast,  the  grain  flow  in  the  rib-  .  -d  fu.-;’- 

ing  foims  a  cominuous  pattern  that  conforms  essentially  to  the  part  outli.'ie. 

The  grain-flow  patterns  shown  in  Figures  2-3  and  2-4  indicate  that  metal  flows  in 
various  direction;’;  the  extent  is  determined  by  the  forging  die  and  the  type  of  forging 
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operation.  The  principal  flov.  of  rneta!  in  disk  forgings  is  in  the  radial  direction.  .  low- 
ever,  by  virtue  of  the  increasing  diametw.*  there  is  considerable  elongation,  or  flo-v,  in 
the  tangential  direction.  The  terms  applied  to  these  types  of  metal  flow  are  radial 
grain  flow  and  tangential  grain  flow,  respectively.  The  metal  liowing  upward  into  the 
rim  is  called  vertical  grain  flow.  Terms  of  similar  derivation  apply  to  the  rib-and- 
web  forging,  where  longitudinal  grain  flow  refers  cc  flow  in  the  direction  of  the  original 
billet  axis,  long-transverse  grain  flow  refers  to  flow  at  right  angles  to  the  longitudinal 
grain  flow  and  parallel  to  the  plane  of  the  die,  and  short-transverse  grain  flow  refers  to 
flow  at  right  angles  to  both  the  plane  of  the  die  and  to  the  longitudinal  grain  flow. 


I 


FINISHED  AND  TRIMMED  FORCING 


(ENLARGED) 


FIGURE  2-3.  TYPICAL  .«QUENCE  OF 
FORGING  STEFS  FOR  A 
DISK  SHAPE,  SHOWING 
THE  DEVELOPMENT  OF 
CRAIN  FLOW 


FIGURE  2.4.  TYPICAL  SEQUENCE  OF 
FORCING  STEPS  FOR  A 
RIB-AND-WEB  SHAPE, 
SHOWING  THE  DEVELOP¬ 
MENT  OF  CRAIN  FLOW 


Control  of  Groin  Flow 

For  certain  applications  it  is  desirable  to  control  the  grain  flow  de'^elcped  during 
die  forging.  The  forging  of  steel  hemispb-rical  parts,  for  example,  often  iv.c.ludes  3 
preliminary  side-forging  step  instead  of  tlie  conventional  upsetting  common  to  moel 
other  circular  parte.  Figure  2-5  compares  two  grain-flow  patterns  developed  in  hemi¬ 
spherical  parts.  The  lower  sketch  shows  how  smooth,  unbroken  flow  lines  tenult  from 
a  preliminary  side-forging  step.  The  upper  sketch  shows  how  the  weaker  ce.ater  mate¬ 
rial  is  concentrated  in  the  polar  region  by  normal  forging  practices. 
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FIGURE  2.5.  COMPARISON  OP  PLOW  LINES  DEVELOPED  IN  HEMISPHERICAL 

PORGINGS  WITH  DIPPERENT  PRELIMINARY  PORGIHC  TECNNKRIES 


Mo«t  methods  lor  altering  grain  flow  are  not  this  simple.  As  stated  earlier,  in¬ 
clusions  ordinarily  line  up  with  grain  flow;  if  the  grain-flow  pattern  is  straight,  so  are 
the  inclusions.  Because  cylindrical  parts  forged  from  wrought  bar  will  retain  this 
basic  pattern,  it  is  sometimes  desirable  to  alter  the  forging  practice  to  break  up  the 
straight-line  pattern  in  such  parts.  This  reduces  the  probability  of  long  inclusions 
appearing  on  the  surface  of  finished  parto  and  causing  rejections.  Forge  shopf.  will 
sometimes  use  a  corrugated  die  design  to  provide  a  wavy  grain-flow  pattern  fo.'  this 
purpose.  This  practice,  illustrated  by  Figure  2-6,  has  been  known  to  reduce  rejections 
from  nearly  30  per  cent  to  less  than  5  per  cent  on  parts  of  cylindrical  shape. 

Forging  and  lubrication  techniques  can  also  be  used  for  controlling  grain  flow. 

If,  for  example,  a  disk  is  hammer  forged  between  contoured  dies,  the  top  surface  of 
the  forging  is  generally  lubricated  better  than  the  lower  surface.  This  '■nn  cause  the 
type  of  nononlform  grain  flow  illustrated  in  Figure  2-7.  Essentially,  the  metal  flows 
readily  against  the  upper-die  surface  but  is  virtually  undefermed  near  the  lower-die 
surface.  In  addition  to  inadequate  lubri(.».ti<,n,  die-chilling  effects  contribute  to  this 
type  of  flow.  The  out-bent  fibers  formed  in  this  way  result  in  poorer  toughness  and 
surface  finish.  The  condition  can  be  corrected  by  turning  the  disk  over  during  forging 
or  by  providing  better  lubrication  on  the  lower  die  ::urface.  A  third  alternative  con¬ 
sists  of  upsetting  between  flat  dies  to  a  disk  slightly  smaller  than  the  final  die,  hirning 
the  disk  over,  then  finishing  in  the  impression  die.  This  latter  method  is  thc>  '>n'^  most 
often  used  in  normal  forging  pro.<.tlce  because  :he  undersized  disk  easier  li.. 
locate  in  the  die  and  the  grain-flow  patterns  ar,*  generally  more  unifor.  ..  i.*-.:-  iio>v 

patterns  ca’^  be  adjusted  in  other  shapes  by  similsr  'ubriroting  and  for>-irg  tochr.lqv._ j 


H60««  2.7.  HOHUHlfOW*  FVOW  PATTEKH  A  MIK  POECf*'  yiTH  GOOD 
I  'w'SmCATnN  ON  TOP  SURFACE  ^  POOR  LUtniCATKM  ON 
•OTTOM  SURFACE 


METAL  FLOW  IN  IMPRESSION  DIES 


As  described  eairlier,  regions  within  a  forging  that  exhibit  the  nrioet  pronounced 
flow  patterns  are  generally  those  that  have  received  the  greatest  deformation  during 
forging.  It  a  significant  fact  that  the  a->.iount  of  dcv.  rmation  is  seldom  ur.iform 
throughout  a  farging.  It  is  not  uncommon,  for  instance,  to  find  both  severely  deformed 
regions  and  "dead-metal"  aones  within  a  forged  shape.  A  vivid  Illustration  rf  this  i» 
shown  in  Figure  2-8. 


PICURI  2-1.  CRAIN.FLOW  PATTRRN  OF  A  DISK  FOROtHC,  SNOWING  ROTN 
"DIAO-MITAL*  X0N8S  AND  SRVIRRLY  DRPORMHD  RICIONS 


In  die  forgings,  the  re,'flons  of  minimal  flow,  or  dead-metal  /.ones,  are  often 
called  "die-locks".  Figure  2-9  shows  where  the  dead-metal  aones  normally  appear 
within  die  forginge  of  various  shapea.  These  examples  are  further  illustrations  of  how 
nonuniform  the  deformation  is  during  most  die-forging  operations. 

In  the  case  of  alloys  that  are  to  be  hot-’*old  worked,  it  is  often  desirable  to  de¬ 
sign  forgings  in  such  a  way  that  the  dead-metal  aones  are  removed  during  machining. 

If  this  is  not  practical,  preliminary  forging  steps  may  be  used  to  improve  the  uniform^*; 
of  deformation  during  the  final  operation.  Methods  for  designing  such  preliminary  dice 
for  several  typical  shapes  are  illustrated  in  Figure  2-10.  When  these  preliminary 
nhapes  are  forged  subsequently  in  the  finishing  die,  deformation  is  provided  in  regions 
that  otherwise  would  be  dead-metal  aones  in  conventionally  forged  parts.  Even  with 
such  techniques,  however,  the  amount  of  deformation  is  seldom  homogeneous. 

Effects  of  Nonimlfenn  Defermotien 


The  need  for  uniform,  ccnU'olled  diiorir.ation  var'ies  with  the  material  beinjt 
forged.  In  the  case  of  alloy  steels,  uniform  deformation  is  not  essential.  In  the  case 
of  superalloys,  the  total  amount  of  deformation  is  r.<''  "-ry  important,  but  tl'c  ar-munt 
imparted  during  the  last  forging  step  significantly  iniluencea  the  grair  ,izc  developed 
by  subsequent  heat  treatment.  A  good  illustration  of  variations  in  grair.  si.«e  in  a  heat- 
treated  superalloy  forging  is  shown  in  Figure  2-11.  This  part  was  forged  in  a  .nv't  set 
of  dies  and  then  reatruck  for  in  a  new  set.  During  the  final  Bizin$>  opnr?iMc.v..  the 

forging  was  deformed  only  a  small  amount,  a  practice  that  makes  metals  husceptible  to 
abnormal  grair.  growth.  It  ia  usually  desirable  to  pr-.>do»:e  enougr.  defoi  nation  in  the 
final  forgini^  operation  t.o  -^'surc  recrystallizaticn  to  a  fine  grain  size. 


KND.UPSET 

FORCINGS 


HUBS  WITH  SHORT,  WIDE  SHAFTS 


BACK  EXTRUSIONS 

SHAOeO  AREAS  DENOTE  NORMAL  LOCATIONS  OP  DEAD-METAL  ZONES 


FIGURE  7-4.  USUAL  LOCATIONS  OF  DEAD-METAL  ZONES  IN  SEVERAL  TYPICAL 
SHAPES  FORGED  BY  CONVENTIONAL  PRACTICES 


- 


GENERAL  SHAPE  OF  PART  AS 
FORGED  IN  PRELIMIHAPy  DIE 


FINAL  SHAl’s:  OF  PART 


FIGURE  7-10.  METHODS  FOR  DESIGNING  PRELLMiMAkY  DIEv  TO  OATAIN 

Move  UNIFORM  DEFORMATION  IN  TYPICAL  FORGED  SHAPES 
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PIGURR  2-11.  RTCHID  CROU  SfCTlOH  OF  A  HIAT-TRIATID  SUPIRALLOV  DISK  FORCIHG, 
SHOWING  GRMN-SIXR  VARIATIOH  CAUSRD  RY  IHSUPFICIRNT  RIDUCTION 
IN  THR  LAST  FORGING  OFRRATION 

Allayi  D97« 

Pifilah  (argaJ  of  IfSO  P  In  mhi  dU  Mt  and  hal  altad  in 
naw  dia  aat* 


Saluflan  haa»  traatid  at  1940  P,  2  liautt)  all  goanthad. 


Certain  metals  forged  by  hot* cold  working  schedules^  such  ss  molybdenum  alloys 
and  some  stainless  steels  (e  g. ,  19-9DL,  l6-25>6),  require  reductions  controlled  be¬ 
tween  both  maximum  and  irinimum  levels.  In  such  materials,  the  appropriate  forging 
reduction  varies  with  the  strength  desired.  In  the  case  of  the  titanium  alloy  B-120VCA, 
careful  control  of  deformation  schedules  improves  the  response  to  subsequent  aging 
treatments . 

For  these  reasons,  forging  schedules  for  some  alloys  should  be  designed  to  pro¬ 
duce  appropriate  amounts  cf  de''rmatioi.  ui  the  final  operation.  In  many  instances, 
this  means  that  preliminary  or  intermediate  dies  should  be  used  even  though  they  would 
not  be  required  for  meeting  purely  geometrical  requirements . 

To  illustrate  this  point.  Figure  2-12  shows  the  forging  operations  and  die  se¬ 
quences  ordinarily  needed  to  make  a  typical  disk  shape  from  each  of  two  different  ma¬ 
terials;  a  low-alloy  steel  (4340)  and  a  hot-culd  work  stainless  steel  (16-25-6).  The 
shapes  and  forging  temperatures  shewn  are  considered  typical  for  the  two  alloys.  Al¬ 
though  the  16-25-6  alloy  can  be  forged  in  Step  2  into  a  shape  similar  to  that  irustrated 
for  4340,  the  generously  contoured  shape  is  c -cferred  for  contr(<llit.g  the  ''inal  ..mount 
of  deformation  and,  thus,  the  metallurgical  and  mechanical  properties.  As  indicated, 
the  stainless  steel  is  ordinarily  upset  and  blocked  at  a  hot-working  temperature.  Then 
the  blocked  shape  is  given  a  controlled  deformation  la  the  final  die  at  a  cold-wovkiug 
temperature  (1500  F  or  lower).  For  this  type  of  forging,  the  blocked  .^hape  it  usually 
about  20  per  cent  smaller  in  diameter  than  the  final  die  to  insure  uniform  deformation. 
Such  shapes  are  sometimes  machined  to  permit  even  closer  control  of  rcductiona.  The 
finishing  die  is  usually  desig>.s:*  with  a  comparatively  thick  web  so  that  1- 

surface  layer  can  be  removed  when  the  part  is  finii  hed  by  rnachining. 


Alloy  Group 
and  Elxamples 


Type  of 
Forsins  Cycle 


Need  for  Controlled  Deformation 


Carbon  and  alloy  steels  Hot  work 

(1035,  4340) 

Superalloys  Hot  work 

(A286,  Inco  901) 


Austenitic  stainless  steels  Hot-cold  work 
(16-25-6,  19-9DL) 

Refractory  metals  Cold  work 

(unalloyed  molybdenum) 


Level  of  deformatior  '  important  lor 
final  properties 

Level  of  deformation  must  l^rge 
enough  to  avoid  abnormal  grain  growth; 
above  certain  minimum  levels,  the 
amount  is  not  essential 

Level  of  deformation  in  final  die  re¬ 
quires  contrf'l  and  uriirorrr.ii.y 

Level  of  deformation  Oui  ing 

all  lording  steps  re  .uires  control  and 
unilo'.mity 


JV 


EsHmating  Ih*  Amount  of  Dtformotien 

U  is  Ifequently  deolrable  to  estimate  the  amount  of  plastic  deforms i i<>n  resulting 
from  a  particular  forging  practice  or  to  estimate  the  strains  at  difiereni  locations  within 
the  workpiece.  Such  eitintates  are  usslu)  ii.  identifyii.^  ire  severity  of  deformation 
producing  satisfactory  properties  and  in  converting  laboratory  results  to  full-scale  op¬ 
erations.  Many  authors  use  the  terms  "forging  rutio",  "upsetting  ratio",  or  "'-eduction 
in  area"  to  describe  the  severity  of  plaat: '  deformation.  They  are  ordinarily  denned  as 

Forging  Ratio  =  Original  Area 
Final  Area 


(Both  areas  are  measured  ii.  a  plane  per¬ 
pendicular  to  the  principal  direction  of 
flaw  or  fiber  direction) 


Upset  Ratio  =  Original  Height 
Final  Height 


Reduction  in  Area,  %  >  100 


Original  Area  -  Final  Area 
Original  Area 


*) 


(Both  areas  are  measured  in  a  plane  per¬ 
pendicular  to  the  principal  direction  of 
flow) 


Unfortunately,  such  terms  ars  ambiguous  and  can  be  misleading  unless  geometric 
similarity  is  maintained  between  tne  original  and  final  shapes.  The  ambiguity  results 
from  the  fact  that  metal  flow  usually  occurs  in  several  directions,  as  indicated  in 
Figure  2-13. 

OKiCINAL  BILLIT  OUTLINE 


FICURS  2-13.  AM  ILLUSTRATION  OF  THREE  DIRECTIONS  OF  .lETAL  FLOW 
DURING  FORCING  OF  DtSK  SHAPE 


Je 

It  is  Usually  more  uselui.  to  dosciibe  the  plastic  stra.r  in  a  body  by  the  three 
principal  deformations  (ej ,  *3)  mutually  perpendicular  directions,  For  a 

spherical  body  deformed  to  an  ellipsoid,  the  three  principal  d«i,irmatious  are  in  the  di¬ 
rections  of  the  three  axes  of  the  ellipsoid.  Tha  principal  deformations  are  calculated 
as  follows; 


Final  length  -  Original  length  l£  -  1^ 

Oi,..^inal  length  1q 

Finil  height  -  Original  height  hj  -  h^ 

*  Original  height  h^ 

Final  width  -  Original  wi<»th  wf  -  Wq 
Original  width  Wq 

The  subscripts  (1,  2,  3)  are  assigned  according  to  sign  and  magnitude  of  the  deforma¬ 
tions.  Arbitrarily,  «£  is  the  largest  strain  and  is  always  positive  in  sign;  63  it  the 
smallest  strain  and  is  always  negative,  cither  positive  or  negative  in  sign. 

Thus,  >  62  >  03*  For  upsetting  operations,  the  principal  deformation,  ej,  is 
numerically  equal  to  the  forging  ratio  and  to  the  reciprocal  of  the  upset  ratio.  For  op¬ 
erations  producing  exter.tiion  principally  in  one  direction  (extrusion,  rolling  and  draw¬ 
ing  out  by  forging),  cj  is  positive. 

Since  plastic  deformation  does  not  change  the  density  of  a  metal  significantly,  the 
original  volume  (V^)  and  final  volume  (V£)  of  the  workpiece  are  identical.  This  leads 
to  the  following  relationships: 

Vq  =  V£  =  Vo  (1  +  ei)  (1  +  e2)  (I  +  e3) 


and 

1  s  (1  +  ei)  (I  +  e2)  (1  +  ej)  , 
or 

0  =  In  (1  +  ej)  +  In  (1  +  +  In  (1  -I  63)  . 

The  latter  equation  indicates  that  at  least  one  of  the  "efftsetive  deformations",  e  =  In 
(1  F  e),  must  be  positive,  another  nugative,  and  tha  tfiird  can  be  either.  The  single 
effective  deformation  value  equal  to  the  sum  of  ths^  other  two,  but  differing  in  sign,  is 
called  the  maximum  strain  (e„,ax)’  numerically  equal  to  rnc-h  f  the  sum  of 

the  individual  deformations,  neglecting  the  algebraic  signs. 

Figure  2-14  illustrate®  this  syote.-n  ol  describing  and  calculaMi.jj  tha  avoi  wye 
amounts  of  deformation  in  an  upsetting  operation.  In  this  example,  the  principal 
strains  differ  with  direction  because  geometrical  similarity  was  not  maintained  on  the 
cross  section.  The  maximum  strain  occur*  in  the  height  di’'-.';tion  and  is  nega¬ 

tive  in  sign.  The  largest  positive  value  for  effective  deformation  is  in  the  length  direc¬ 
tion  because  the  proportional  extension  was  greater  in  length  than  in  width. 

Similar  calculations  can  be  made  on  other  shapes  and  shape  chi.nges  l«y  seioc^-ing 
appropriate  dimensions  for  changes  in  length,  width,  an.n  height.  Tl-  approach  is 
especially  useful  for  esHrr.ating  differences  in  severity  of  deformation  in  various  parts 
of  a  forging.  For  such  purposes,  the  dimenuional  changes  are  often  meas-.-red  from 
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PICURK  2-14  SCHBMATIC  ILLUSTRATION  OP  UNIPORMLY  UPSET  PRISM  AND 
PICURE  14.  OP  principal  DEFORMATIONS  AND  STRAINS 


10 


PORGID  SHAPE 


OASHCD  OUTLINE  StIOWS  CO^RBSPONDINC  VOLUMES  OP  BILLETS  AND 
FORCED  SHAPE. 


W»b  Rib 

A(  Fsrgad  from  billet  A: 

Nominal  volu*  of  -0.7V9  -.0.4S1 

Diroctlen  holghl  width 

At  Porgod  from  Billot  B: 

Womlnol  vJo*  of  -0.9S7  ^-0.223 

Ulroctlen  height  length 


FIGURE  2-15.  EFFECT  OF  BILLET  SHAPE  ON  MAXIMUM  STRAINS  DEVELOPED 
IN  RIB-AMD.WE8  SECTIONS  OF  A  FORGING 


grids  marked  on  appropriate  interior  surface^  of  samples  assembled  from  several 
pieces  for  the  deformation  studies. 

Sometimes  even  rough  estimates  are  helpful.  Fij'-.re  Z-15  shows  that  even  a 
small  change  in  billet  dimensions  can  influence  the  amount  and  uniformity  of  deforma¬ 
tion.  Forging  a  rib-and-web  section  from  either  of  the  two  indicated  billets  results  in 
more  severe  deformation  in  the  web  8ec»’on.  However,  forging  from  Billet  A  gi/es 
more  deformation  in  the  rib  and  less  in  th.»  web  than  forging  from  Billet  B.  Tims,  a 
forging  produced  from  Billet  A  would  be  expected  to  have  a  more  uniform  response  to 
heat  treatment  and  less  directionally  in  ductility  values. 

The  schematic  sketch  in  Figure  2-15  does  not  tak  into  account  the  nonhemoge- 
neous  deformations  characteristic  of  real  forgings.  Figure  2-16  illustrates  a  few  im¬ 
portant  details.  Ribs  are  ordinarily  tapered  in  order  to  provide  draft,  and  deforma¬ 
tions  increase  in  severity  toward  the  narrower  extremity.  Metal  close  to  the  punch  is 
ordinarily  strained  mute  t.ica  metal  closer  to  the  exterior.  As  indicated  in  Figure 
2-16,  metal ,flow8  laterally  to  form  flash  as  well  as  vertically  to  fill  the  ribs.  The  two 
most  severe  regions  of  flow  are  those  in  the  plane  of  the  flash  and  adjacent  to  the  inside 
fillets . 


The  shaded  area  is  deformed  the  least  and  can  be  considered  a  dead -metal  :sone. 
Usually  the  amount  of  deformation  in  such  regions  can  be  increased,  and  uniform! h/  im¬ 
proved,  by  controlling  the  shape  of  the  preform  or  preliminary  forging.  The  technique 
illustrated  in  Figure  2-17  can  be  used  to  increase  forging  reductions  in  tne  dead-metal 
zone  to  about  25  per  cent  in  area.  Unless  a  bead  is  used  at  the  parting  line,  dof.'.ctf: 
are  apt  to  occur  in  the  web  from  upsetting. 


GREATER  REDUCTiOM  IH  THE  OTHERWISE  DEAD-METAL 
ZONE  OF  A  FINISHED  RIB-AND-WEB  FORGING 


FACTORS  INFLUENCING  DIE  FILLING 


Many  variables  influence  the  ability  of  metals  to  flow  during  forging  and  to  fill 
the  cavities  of  'mpression  dies.  Some  of  tl.a  more  in  nurtant  factors  can  be  classified 
as  follows; 

(1)  Forgeability  and  flow  strength 

(2)  Friction  and  lubrication 

(3)  Die  temperature 

(4)  Shape  and  size  factors. 


Fortieobility  and  Flow  Strangth 

Difficulties  in  filling  die  cavities  are  encountered  in  forging  metals  characterized 
by  either  poor  forgeability  or  high  flow  strengths.  Poor  forgeability  causes  rupture 
before  the  die  is  filled:  high  flow  strengths  may  cause  metals  to  flow  past  recesses 
without  filling  them  or  may  result  in  unde.rfilling  with  the  maximum  loads  available. 
Figure  2-18  suggests,  in  terms  of  forgeability  and  flow  strength,  the  ease  with  which 
different  metals  and  alloys  can  be  deformed  to  fill  intricate  die  cavities.  Some  of  the 
difficulties  attr  ibuted  to  these  characteristic  differences  among  materials  can  be  illus¬ 
trated  by  considering  two  particular  types  of  forgings. 
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Connecting  Rods.  Table  2-2  provides  data  obtained  in  eyperimental  hammer 
forging  of  several  alloys  in  a  set  of  dies  ordinarily  used  for  1030  steel  connecting  rods. 
A.s  would  he  expected,  the  stronger  materials  required  more  repeating  operation  and 
a  larger  n'omber  of  blows.  Even  so,  the  drawing  and  fullering*  operations,  ordinarily 
employed  :.o  achieve  the  proper  stock  aistrihution  for  impression  forging,  were  un¬ 
successful  with  the  two  nickel-base  superalloys.  Figure  2-19  shows  four  of  the  speci¬ 
mens  after  forging.  The  forgeability  of  the  higher  alloy  stainless  and  the  iron-base 
superalloy  was  good  enough  to  avoid  .-racking,  but  the  hammer  was  too  small  to  fill  the 
dies  completely. 

TABLE  2-2.  FORGING  DATA  ON  CONNECTING  UoUC-  FORGED  FROM  EIGH  F  DIFFERENT 
ALLOYS  REPRESENTING  INCR^SING  PORTING  DIFFICULTY 

\ 

Forging  conducted  on  a  3000-pound  hammer 


Alloy 

Temperature, 

F 

Number  of 
Times 

Heated 

Total  Number  of 
Blows  to  Complete 
Forging 

Remarks 

1030 

2300 

1 

<20 

Completely  filled 

Type  304 

2200 

1 

40 

Completely  filled 

Type  347 

2200 

1 

50 

Completely  filled 

Monel 

2050 

2 

51 

Completely  tilled 

16-25-6 

2000 

6 

76 

Incomplete  fill  on  shaft  end 

N-15S 

2(  ;0 

5 

89 

Incomplete  fill  on  both  ends 
and  ribt 

Mattel  loy  B 

2200 

3 

•• 

Extreme  difficulty  in  drawing  und 
fullering  ihipe;  expetiment 
discontinued 

Hattelloy  C 

2150 

4 

- 

Same  at  for  Hattelloy  B 

Hub  Forgings.  Table  2-3  gives  data  Irom  a  similar  study  on  seven  metals  forged 
in  dies  ordinarily  employed  for  forging  nubs  from  4340  steel.  Both  ruptures  and  pro¬ 
nounced  underfilling  occurred  in  the  stronger  nickel-base  superalloys  with  pMcr  forge 
ability.  So-ind  hubs  were  made  from  the  nther  four  alloys  but  the  dies  were  not  com¬ 
pletely  filled.  The  degree  of  underfilling  appears  to  depend  on  the  flow  strengths  of 
the  alloys  at  the  forging  temperatures  used. 


‘In  fullering,  the  rr.'r.t-sectional  area  of  a  bar  is  reduced  along  the  ,nld-sectlon  between  iiiu  ends  of  the  bar. 


t19.  APPEARAMCE  0^  PAUTS  FORGED  IN  CONNECTINC-ltOD  DIES  FI 
FOUR  ALLOYS  REPRESENTING  INCREASING  FORGING  DIFFICUL1 
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TABLE  2-3.  TORC-ING  DATA  OIJ  HtlBS  FORGED  FROM  SEVEN  DIFFERENT  ALF.OYS 
REPRESENTING  INCREASING  FORGING  DIFFICULTY 


Alloy 

Forging 

Temperature, 

F 

Number  of 
Times 

Heated 

Number  of  Hammer  Blows 
Required  to  0)>*<ck  ce  Faains 
Upset  Bl^k  Finish  Total 

Remarks^*^ 

4340 

2300 

1 

2 

4 

5 

11 

Sound;  compIejcU’  filled 

Monel 

2100 

1 

2 

5 

7 

14 

Sound;  shaft  underfilled  by 
9/16  Inch 

Type  304 

2100 

1 

k 

10 

21 

Sound;  shaft  underlined  by 
S/8  inch 

A-28B 

2100 

2 

5 

8 

9 

22 

Sound ,  shaft  underfilled  by 
7/8  inch 

16-2S-6 

2000 

2 

6 

7 

12 

24 

Sound;  shaft  underfilled  by 

7. '6  inch 

Hsnelloy  C 

2200 

3 

5 

10 

18 

33 

Ruptures;  shaft  underfilled 
by  1  Inch 

Haitelloy  B 

22  or 

2 

4 

18 

9 

31 

Ruprures;  shaft  underfilled 
by  1-1/4  inch;  forging 
stopped  when  rupture 
noticed 

(«)  Sound  refen  to  forglngi  that  did  not  niptute. 

Undeiflll  dimentloni  are  given  ai  average  amounit  bated  on  meaaured  heighta  of  hubt. 


Friction  and  Lubrieullon 

Lubricants  are  emplo.  «1  principally  to  reduce  forging  loads  and  to  control  or  am* 
prove  the  uniformity  of  metal  flow.  They  are  also  useful  as  parting  compounds  when 
forging  metals  with  tightly  adhering  oxides.  The  following  characteristics  can  be  im* 
portant  in  the  selection  of  a  lubricant: 

(1)  Insulating  qualities.  It  is  usually  desirable  in  forging  metals  at  high 
temperatures  to  minimise  chilling;  of  the  workpiece  by  the  dies. 

(Z)  Corrosiveness.  Some  otherwise  suitable  lubricant  materials  may 

corrode  the  die  or  workpiece  auifur  compo'inds  can  contaminate  het , 
nickel-rich  alloys. 

(3)  Permanence.  Some  volatile  lubricaiit<>  and  carriers  may  not  wet  t.hc 
dies  or  may  produce  noxious  or  poisonous  fumes.  Other  materials  may 
collect  in  die  cavities  and  prevent  complete  filling. 

(4)  Ease  of  Removal.  This  is  especially  important  for  corro;  .  iwiii- 
cants  or  for  those  that  affect  the  appearanre  uf  forgings. 

In  general,  the  velection  of  forging  U  bricants  usually  represents  a  compromise 
among  several  desirable  attributes.  Graphite,  in  various  dispersions  and  prepara¬ 
tions,  appears  to  be  the  most  widely  used  lubricant  for  forging.  Press-forging 
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experimento  indicate  that  graphite-containin"  lubricants  usually  rssult  in  frictiots  co¬ 
efficients  ranging  from  0.  1  to  0.4.^^)  Tinder  controlled  conditions  in  forging  nonferrous 
alloys  at  850  co  1000  F,  a  reasonably  constant  friction  coefficient  of  0.  )  2  was  obtained 
with  a  variety  of  graphite  lubricants. 


Flat  Dies.  The  pressure  requi.red  for  forging  between  flat  dies  depends  to  a 
marked  extent  on  friction.  The  ratio  Oj  forging  pressure  to  flow  strength  al<;o  depen'  . 
on  the  shape  of  the  workpiece  and  increases  with  the  ratio  of  cross-sectional  area  to 
height.  These  effects  can  be  predicted  by  the  formulas  listed  in  Table  2-4, 

which  were  developed  by  Schroeder  and  Websteri^) 

Figure  2-20  shows  a  series  of  curves  computed  from  these  formulas.  The  re¬ 
lationships  were  found  to  agree  closely  with  experimental  data(3>^'^)  obtained  at  tem¬ 
peratures  up  to  those  normally  used  for  pressing  aluminum,  lead,  and  magnesium. 

Ihe  effects  of  variations  in  disk  geometry  and  in  relatively  lew  friction  coefficients 
are  pronounced.  For  example,  the  chart  shows  that  the  lower  the  friction  coefficient, 
the  smaller  the  effect  of  the  radius/height  ratio.  For  disks  with  a  radius /height  ratio 
of  21,  the  forging  pressure  is  nine  times  the  flow  stress  in  unlubricated  dies.  The 
required  pressure  can  be  reduced  to  five  times  the  flow  stress  by  lubricants  producing 
friction  coefficients  of  0.  10.  For  such  reasons,  lubricants  for  forging  in  flat  dies  are 
ordinarily  chosen  on  the  basis  of  their  frictional  characteristics. 


FIGURE  2.20.  NONDIMENSIONAI.  PRESENTATION  SHOWING  THE  COMBINED 
INFLUENCE  OF  FRICTION  COEFFICIENTS  AND  DISK 
CEOMETRT  ON  THE  RATIO  Of  FORGING  PRESSURE  TO 
FLOW  STRENGTHS 

VALUES  CALCULATED  USING  EQUATIONS  IN  TABLE  S-4 

ohaw  and  Boulgert^J  made  an  extensive  study  of  forging  lubrica-nti:)  for  2014 
aluminum.  Table  2-5  shows  some  of  their  data  on  frictional  charactei  sties  of  typical 
lubricants  .rs  evaluated  b  .  pressing  with  flat  dien.  Depending  on  the  lubricant,  a  load 
of  138,000  pounds  produced  disks  ranging  from  0.  067  inch  to  0.  101  inch  in  thickness 
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from  standard  specimens.  The  correspono>i>g  variations  in  forging  pressure  ranged 
from  23,500  to  36,000  psi.  Under  the  conditions  employed,  the  Xiiction  coefficients 
varied  from  0.  06  to  0.  16.  Although  a  large  number  of  organic  and  inorganic  materials 
and  mixtures  were  tried,  commercial  graphite-cor.tai.iing  lubricants  gave  the  best 
results. 


T.A,BLE  2-6.  EFFECT  OF  -i.iUOUS  LUBRICANTS  IN  PRESSING  2014 
ALUMINUM  Ai  LOY  DISKS  BETWEEN  FLAT  OlESC'Q 

Billet  Size:  I”  OUmetei  y  O.S"  High 
Billet  Temperature;  826  F 
Die  Temperature:  700  F 
Load:  133,000  pounds 


Average  Valuaa  for  Te»t  Serlei 


rommcfcUl  Luhtlcznt/*) 

Final 

Thlckneii, 

Inch 

Final 

Diameter, 

Inch 

Foiglng 

Pieiiure, 

pil 

Friction 

Coefficient 

Silicone  gteeio 

0. 103 

2.2 

36,000 

0,16 

FUke  graphite  In  oil 

0. 101 

2.2 

36,000 

0.16 

297i  flake  graphites 

MoS;i  a  6flb  mica  In 
bentone  greaie 

0. 096 

2.3 

33,400 

0,13 

Colloidal  graphite  In  oU 

0.091 

2.3 

32,000 

0.12 

Colloidal  graphite  in  water 

0.086 

2.4 

30,000 

0.11 

30)6  flake  graphite  e  0)b  mica 
in  calcium*  hue  greate 

0.087 

2.7 

23,500 

0.06 

(a)  Commercially  avcUable  under  ■  ilotn  trade  nurlu. 


Impression  Diee.  Lubricants  suitable  for  forgings  in  flat  dies  do  not  always  give 
good  results  in  impression  dies  because  the  requirements  are  dissimilar.  Low  friction 
coefficients  favor  lateral  metal  flow,  the  main  requirement  in  flat  dies.  In  most  im¬ 
pression  dies,  however,  lateral  flow  must  be  selectively  impeded  in  orHev*  tc  insure 
enough  vertical  flow  to  fill  the  cavities.  This  is  one  of  the  principal  functions  of  the 
narrow,  annular,  flash  openings.  Consequently,  an  ideal  lubricant  for  closed  dies 
would  provide  imiinimurn  friction  on  vertic-al  t^rfaces  of  cavities  and  maximum  friction 
near  the  flash  openings.  These  contradictory  requirements  can  sometimes  be  met  by 
using  different  lubricants  at  critical  locations. 

In  principle,  lubricant  characteristics  should  influence  die  design.  A  particular 
set  of  dies  cannot  be  expected  to  work  equally  well  with  lubricating  material:  Invin;-, 
distinctly  different  characteristics.  The  practical  importance  of  uhis  ir.terreiatiui  ihip 
was  demonstrated  by  Shaw  and  Bouiger(*>)  in  plant  tests  on  lubricants  tl,  ..  hue  oirtormed 
well  in  the  laboratory.  With  some  die  configuratio.is ,  low-friction  lubricants  allowed 
the  metal  to  roach  the  flash  gutters  before  the  die  cavities  were  completely  filled.  In 
tests  on  other  forgings,  t.^e  superior  lubricant  i  improved  the  uniformity  of  die  filling. 
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The  variety  of  conditions  and  die  <1>- signs  encountered  in  commercial  operation  j 
complicates  the  task  of  evaluating  forging  luhri cants.  Naverthi'less  ^  laboratory  studies 
have  provided  useful  information  about  lubricating  characteristics  desirable  for  forging 
in  impression  dies.  Therefore,  the  data  in  Tables  2-6  and  2-7  are  of  interest.  The 
resultfl  we.-e  obtained  with  different  lubricants  in  forging  T-shaped  parts  from  1-inch- 
diameter  by  1  - 1 5/ l6-inch-long  rods  in  closed  dies  under  a  constant  punch  pressure. 

The  depth  of  penetration  into  the  di-  cavity  was  used  to  judge  the  effectiveness  of  vari¬ 
ous  lubricating  materials.  It  should  be  recognized  that  very  little  lateral  flow  took 
place  in  forging  these  riblike  specimens.  Therefore,  the  ratings  of  the  lubricants  are 
mainly  of  interest  for  extrusion-type  forgings. 

Tables  2-6  and  2-7  show  that  appreciable  va.'iations  in  die  filling  were  encountered 
when  different  lubricants  were  used  under  otherwise  similar  conditions.  For  th'>  same 
lubricant,  billet  pretreatments  Improved  the  results  obtained  in  experiments  on  either 
magnesium  or  aluminum.  Specifically,  etching,  drying,  and  coating  the  billets  with 
the  lubricant  before  were  heated  for  forging  resulted  in  better  die  filling  and  sur¬ 
face  finishes.  The  effects  resemble  those  of  the  phosphate  treatments  given  steel 
blanks  to  improve  lubrication  during  cold  extrusion.  Most  of  the  data  in  Table  2-6  were 
obtained  in  dies  heated  to  700  F,  a  temperature  which  gave  better  results  than  did  lower 
die  temperatures.  The  benefits  of  higher  die  temperatures  are  now  quite  widely  recog¬ 
nized.  It  is  fairly  common  practice  to  forge  the  AZ80  magnesium  alloy  in  dies  heated 
to  600  F  instead  cf  the  500  F  te.-nperature  mentioned  in  Table  2-7. 


Die  Tsmpsraturs 

Several  investigators  have  demonstrated  that  the  use  of  heated  dies  improves  die 
filling  and  reduces  forging  prensures.  (^>^>^>9)  The  benefits  result  from  the  fact  that 
hot  dies  do  not  chill  the  surface  layers  of  the  workpiece  so  drastically.  Connequently , 
the  effects  are  more  noticeable  when  dies  are  heated  close  to  the  billet  temp'eratures . 
This  is  feasible  with  metals  like  aluminum  and  magnesium  but  is  extremely  difficult  for 
titanium  alloys,  steels,  and  ef'*actOiy  metals.  Temperature  changes  in  tht.i  workpiece 
increase  with  time  as  well  as  with  the  temperature  differential  between  the  die  and  the 
billet.  Therefore,  heated  dies  offer  more  advantages  when  forging  with  hydraulic 
presses  than  with  drop  hammers  and  high-velocity  machines. 

Use  of  hot  dies  limits  the  choice  of  lubricants  and  die  materials.  Most  water- 
base  and  oil-base  forging  lubricants  are  unsatisfactory  for  die  tempc’-atures  above 
500  F  and  800  F,  respectively.  Ordinary  die  steels  soften  when  heaced  above  about 
800  F  but  hot-work  types  (e.g.  ,  K-11  and  H-12)  can  be  heated  to  about  1100  F.  Super¬ 
alloys  and  refractory  metals  offer  promirc  for  dies  to  be  used  above  1200  ¥  .  The  ca 
Inconel  Alloy  713C  has  been  used  successfully  at  die  temperatures  of  l600  F.  The 
dies  were  heated  with  internal  resistance  elements.  High  die  temperatures  are  difficult 
to  maintain  and  control,  and  the  unusual  die  materials  are  expensive.  Prir.c.'.pally  for 
economic  reasons,  dies  are  rarely  heated  above  about  1000  F  for  production  operations. 

The  specific  heat  and  thermal  conductivit-,'  of  the  workpiece  influence  the  tiecta 
of  die  temperature  on  metal  flow  and  die  filling.  Materials  with  a  r,;  ...tivc.’;  spe¬ 
cific  heat  but  good  thermal  conductivity,  like  molybden’orn,  will  be  rKilled  rapidly,  but 
the  varia.i'jnt  in  temperature  from  surface  to  center  will  be  small.  Conversely, 
metals  like  titanium  with  poor  conductivity  tan  develop  appreciable  temperature 
differentials. 


TABLE  2-6.  INFLUENCE  OF  VARIOUS  TYPES  OF  LUBRICANTS  ON  DEPTH  OF 
FILL  IN  A  T-SHAPED  DIE  WITH  ALUMINUM 


Alloy:  2014 

Forging  PresBure;  46,000  psi 

Die  ternperatnre:  700  F,  unless  otherwise  noted 

Forging  temperature:  825  F 

Billet  size:  1-in.  diameter  x  1-15/16  in.  long 


Lubricant^^^ 


Flake  graphite  in  oil 


Average  Depth  of 
Fill,  in 


Graphite  Suspensions 


Surface 

Condition(*^) 


compound 


Billets  Etched  in  Caustic,  Dried,  and  Dipped 
in  Suspensions  of  Graphite 


As  coated  i.  i 

Graphite  in  oi’  l.f 

Graphite  in  water _ _  1.  ! 

(a)  Labt.'canti  were  applied  by  spta")r.g  except  where  noted. 

(b)  Surface  tatinpt;  A  A  -  no  (coring 

A  •  (light  (rnr'iic  jn  tadiur 
P  •  (light  (coiuig  on  surface 
C  •  severe  scoring  on  surface. 

(c)  Determined  by  dzsk-forging  method. 


Coefficient  of 
Friction^*^) 


(500  F  dies) 

0.78 

A 

— 

(700  F  dies) 

1.42 

A 

0.  15 

Colloidal  graphite  in  oil 

1.45 

A 

0.  12 

CoFoidal  graphite  in  water 

1.  19 

C 

0.  11 

Flake  graphite  in  water 

Flake  graphite  mica  in 

1.  25 

C 

calcium-base  grease 

1.64 

C 

0.  06 

Molybdenum  Disulfide 

MoS^  in  oil 

1.  28 

B 

0.  10 

MoS^  +  mica  in  calcium- 

1.51 

B 

0.09 

base  grease 

Greases 

0.  09 

Soapless  grease 

0.  94 

A 

0.  17 

Silicone  grease 

1.  10 

B 

0.  16 

Grease-type,  cold-forging 

0.94 

A 

0.  17 

TABLE  2-7.  INFLUENCE  OF  V-A.TIOUS  TYPES  OF  LUBRICANTS  ON  UEPTH  OF 
FILL  IN  A  T-SHAPED  DIE  WITH  MAGNESIUM^) 


Alloy:  AZ80 

Forging  Pressure:  46,000  psi 

Die  temperature:  500  F 

Forging  temperature:  675  F 

Billet  siae:  l-in.  diameter  x  1-15/16  in.  long 


Lubrir.ant^^) 


Flake  graphite  in  oil 
Colloidal  graphite  in  oi’ 
Colloidal  graphite  in  water 
Graphite  +  MoSj  in  water 


Average  Depth 
of  Fill.  in. 


Die  Lubricants  Only 


Billets  Precoated,  Dies  Sprayed  With 
Oil- Flake  Graphite  Suspension 


Billets  vapor  blasted  and  dipped  in  aqueous 
colloidal  graphite 

Billets  degreased  and  dipped  in  aqueous 
colloidal  graphite 


Surface 

Condition(^) 


Billets  etched  in  acetic  acid,  rinsed,  and 
dipped  in  aqueous  colloidal  graphite 


The  relationship  between  temperature  and  ilow  strength,  which  rontrols  the 
forging  pressure  requirements,  is  another  factor  that,  inflviences  the  effect  of  die  chill¬ 
ing.  Figure  2-21  shows  the  effects  of  relatively  ainall  temperature  changes  on  the 
forging  pressures  of  three  alloys.  It  indicates  that  -hilling  of  the  billet  by  the  die  would 
have  little  or  no  effect  on  forging  pressures  for  steel  and  molybdenum.  On  the  other 
hand,  the  effect  is  pronounced  for  the  titanium  alloy  and  flow  becomes  cone e-,; rated  in 
the  hotter,  central  portions  of  the  forgi.  g.  When  cylinders  of  the  three  metals  are 
upoet  under  comparable  conditions,  titr.nium  exhibits  the  Largest  dead-metal  zone  of 
undeformed  metal.  Observations  of  this  kind(l*5)  indicate  that  the  effects  of  die  chilling 
are  more  pronounced  for; 


Titanium  alloys  Zirconium  a.loys 

Berylliurii  Nickei-base  superalloys 

Magnesium  alloys 


and  less  marked  for: 


Steels  Refractory  metals 

Aluminum  alloys  Copper-base  alloys 


POROING  PRCSSUftC  PAR 

ie«  ReoucTioN,  1000  rsi 


FIGURE  2-31.  INFLUENCE  OF  TEMFBRATURE  CHANCES  ON  THE  FORCING 
FRESSURES  OF  THREE  ALLOYS  AT  THEIR  RESFECTIVF 
FORGING  TlMFERATURES'i^) 

Some  materials,  such  as  nickel-base  ‘wperalloys,  exhibit  satisfactory  ft  rge- 
ablllty  in  only  a  relatively  narrow  range  of  temperature.  It  is  possible,  there.for«,  for 
chilling  of  the  billet  by  cold  dies  to  cause  cracking  as  well  as  nonuniform  metal  flow. 

On  an  experimental  basis,  some  success  has  been  attained  in  u.ii.ng  insulating 
materials  (e.  g.  ,  glass)  to  prevent  chilling  of  the  surface  of  the  billet.  One  of  tbs  diu- 
advantages  of  this  practice  is  that  the  coatings  msy  remuv..  in  t)i»  die  cavities. 


Shape  anil  Si  .s  Factors 


Spherical  and  blocklike  shapes  are  the  easiest  to  forge  in  closed  dies.  Parts 
with  thin  and  icnp  sections  or  projections  (webs  and  riba)  are  more  difficult  because 


they  have  more  surface  area  per  unit  vo!  me.  Such  variations  in  shape  maxirniac  the 
effects  of  friction  and  temperature  changes  and,  hence,  influence  the  final  pressure  re¬ 
quired  to  fill  die  cavities.  Neglecting  the  problems  of  forging  oe/ects  ,  thpre  is  a 
direct  relationship  between  the  surface /volume  »*atiri  of  a  forging  and  the  difficulty  of 
producing  it.  This  point  is  illustrated,  for  flatais.ks,  in  Figvire  2-20.  Sometimes  the 
difficulties  of  controlling  the  direction  of  metal  flow  in  closed  dies  also'  have  substantial 
effects  on  forging  loads. 


Vertical  projections  such  as  ribs  and  bosses  are  appreciably  harder  to  forge  than 
are  lateral  projections  of  comparable  dimensions.  Forging  loads  are  higher  because 
additional  lateral  constraint  it  needed  to  insure  complete  die  filling.  Restraint  mutt  be 
provided  during  the  entire  time  required  to  form  a  vertical  projection;  in  a  .die  filled  by 
spreading,  this  is  necessary  only  when  the  metal  reaches  the  periphery.  Figure  2-22 
compares  the  flash  designs  required  for  forging  disks  in  horizontal  and  in  vertical 
positions.  The  thinner  and  wider  flash  design  suggested  for  the  disk  forged  vertically 
produces  more  later  a!  'on/inement  during  the  critical  period  of  deformation.  Roughly 
speaking,  vertical  configurations  are  characteriaed  by  one-third  the  die  life  and  three 
times  the  flash-metal  loss  of  horiaontal  configurations. 


HORIZONTAL  DISK  VKRTICAL  NIK 


DEFORMATION  BY  SPREAOIMC 


DEFORMATION  BY  EXTRUSION 


FIGURE  2.M.  COMPARISON  OF  FUaSH  PESI6H5  FOR  TO-IHCH-OIAMETER  X  2-lHC” 
THICK  DISKS  FORGED  IN  HORIZONTAL  OR  VERTICAL  POSITIONS 


The  ease  of  forging  more  complex  shapes  depends  on  the  rel^nvo  proportions  of 
vertical  and  horiaontal  projections  on  the  part.  Figure  2-23  illustrates  the  fact  that 
relative  dimensions  of  ribs  and  webs  affect  the  forging  operation.  Ei'Uty  prujs  ‘ions  on 
diinner  plates  have  little  or  no  effect.  Shapes  with  tall,  slender  pro'-  oti  .  c  more 

difficult  to  forge  than  plates  or  disks.  Figure  2  24  is  another  schematic  represeimution 
of  the  off)  cts  of  shape  on  forging  difficulties.  Parts  "C”  and  ’D"  would  not  only  re¬ 
quire  higher  forging  lo'.as  but  at  least  one  more  forging  operation  than  the  otlier  to 
insure  die  liUiiig. 


A.  BASIC  DISK  SHAPE 


B.  FORCING  DIFFICULTY  Or  BASIC 
DISK  PREDOMINATES 


'i6 


The  increase  in  load  during  the  p’^ogress  of  forging  in  improssioi'.  dies  is  shown 
schematically  in  Figure  2-25.  L,oads  an-  comp.i rati ve Ly  low  luitil  the  more  difficult  de¬ 
tails  are  partly  filled  and  the  rnetal  reaches  the  flash  opening  This  stage  corresponds 
to  Point  Pj  in  the  sketch.  For  successful  forging,  two  condit;  ms  must  be  fulfilled  when 
this  point  is  reached; 

(1)  A  sufficient  volume  of  metal  must  be  trapped  within  the  confine.s  of 
the  die  to  fill  the  remain..ng  cavities. 

(2)  The  difficulty  of  extruding  r.ietal  through  the  narrowing  gap  of  the 
flash  opening  must  exceed  that  of  filling  the  most  difficult  detail  in 
the  die. 

As  the  dies  continue  to  close,  the  loads  increase  sharply  to  Point  P2»  the  stage  where 
the  die  cavity  is  filled  completely.  This  would  correspond  to  the  maximum  forging  load 
if  designs  were  figv."ed  that  closely  and  no  flash  was  formed.  In  that  respect,  the  most 
difficult  detail  determines  the  minimum  load  for  producing  a  satisfactory  forging. 
Usually,  however,  flash  is  neceseary  and  the  work  done  in  extiud.mg  metal  through  the 
narrow  flash  opening  causes  the  load  to  increase  from  P2  to  P3.  Therefore,  the 
dimensions  of  the  flash  determine  the  load  required  for  closing  the  die  or  the  maximum 
load  developed  during  forging. 


FORCING  STROKE  ^ 


FIGURE  2.25.  TYPICAL  FORCIHG-LOAD  CURVE  FOR  CLOKED-L'  t.  FORCING, 

SHOWING  THREE  DISTINCT  STAGES 

MacDonald^^  ^ )  hat,  ch.'  vn  that  the  load  required  for  deforming  the  flash  .3  approxi- 
n.ately  the  same  as  that  for  forging  a  thin  slab  of  similar  dimensions.  Therefore  the 
die-closing  load  can  be  estimated  from  the  thickness  and  projected'  area  of  the  forging 
and  fl^  sh  jind  from  rh'  flow  stress  of  the  material  bv  using  the  relacionships  illustrated 
in  Tabic  2-4  and  Figure  2-20.  For  example,  experience  shows  that  a  flash  opening 
0.  5C  inch  wide  and  0,  10  inch  thick  is  suitable^^^)  for  a  ribbed  component  of  the  type 
shown  in  F;<;ure  2-26.  This  example  indicates  that  forging  such  a  part  from  a  material 


^Iflth  dlmtndonfi  O.SO  In.  wid*,  0. iO  In.  thick 


Proincind  ar«<n  U+  1/2+  l/25(M/2  +  1/2+  \/7)~  17-1/2  In. 


R  2.36 

RodlMf/thlcknnts  ( — ) »  ' -  "  23.6 

h  0.1 

Prnccur*  muitiplleollen  foclor, 
from  Equation  (3)  of  Tobl*  2-4—  10.2 

Forging  load  for  motoriol  vdth  flow  »tra««  of  6,000  p«lt 
Prt  17.Sx6,O0Ok  10.2-  1,071,000  lb*  91 535  torn 


FICUKS  2.:6.  ILLUSTRATIOH  OF  METHOD  OF  ESTIMATING  LOAD  REQUIRED  FOR 
FORGING  A  HYPOTHETICAL  SHAPE  FROM  FLASH  DIMENSIONS 
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with  a  flow  stresn  of  6,000  psi  should  i..qvure  a  lozd  o',  about  535  tons.  This  value  is 
a  close  approximation  of  the  load  required  for  forging  the  7075  aluminum  alloy  to  this 
shape  at  700  F.  Similarly,  the  forging  load  estimated  by  this  si.etho;!  checks  the  oiiw 
computed  by  Dietrich  and  Ansel(*2)  to  exemplify  their  more  complicated  analysis. 
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CHAPTER  3 

PRINCIPLES  OF  DIE-FORGING  DESIGN 


DESIGN  FACTORS 


Forging  design  is  much  like  the  design  for  other  metalworking  processes  —  it  is 
influenced  by  the  nature  of  the  metal  being  processed  and  the  capabilities  and  liipitations 
of  the  available  forging  equipment  and  tools.  "The  more  plastic  materials  can  be  forged 
in  the  greatest  variety  of  shapes  and  designs.  But  it  must  be  remembered  that  there  are 
design  limitations  even  fer  the  most  highly  plastic  alloys.  For  alloys  with  less  plasticity 
or  forgeability,  the  design  limits  are  often  quite  narrow  and  a  knowledge  of  these  is  es¬ 
sential  to  the  design  engineer  in  considering  the  use  of  a  forged  part  for  a  structural 
component.  This  chapter  describes  the  important  fundamentals  of  forging  design  and 
the  relationships  between  design,  forging  materials,  forging  equipment,  and  tolerances 
attainable  on  designs. 


Parting-Lint  Location 

Given  a  certain  shape  intended  for  forging,  the  first  step  in  forging  design  is  to 
establish  the  location  and  shape  of  the  parting  line  (sometimes  called  "flash  line"  or 
"split  line").  This  is  the  line  along  which  the  dies  separate.  The  parting  line  may  be 
straight  or  irregular,  depending  on  the  geometry  of  the  final  part.  This  first  decision 
influences  other  design  factors  such  as  die  design  and  construction,  grain  flow,  and 
trimming  procedure.  Principle-  for  locating  the  parting  line  vary,  depending  on  the  tyne 
of  available  forging  equipment  and,  to  some  extent,  on  the  alloy  being  forged.  Figure  3- 1 
illustrates  a  variety  of  simple  shapes  showing  undesirable  and  preferred  parting-line 
locations.  Reasons  for  the  preferred  locations  are: 

Case  1.  The  preferred  choice  avoids  deep  impressions  that  might  otherwise 
promote  die  breakage. 

Cases  b  and  3.  The  preferred  choices  avoid  side  thrust  which  would  cause 
the  dies  to  shift  sideways. 

Case  4.  Preference  is  based  on  grain-flow  considerations.  The  "satis¬ 
factory"  location  provides  the  least  expensive  method  of  parting, 
since  only  one  impression  die  is  needed.  The  preferr- loca¬ 
tion,  however,  produces  the  most  desirable  grain-flow  pattern. 

Case  5.  The  choice  in  this  case  is  also  based  on  grain-flow  considerations. 

However,  the  "desirable"  location  usually  introduces  mcuuifactui-- 
ing  problems  and  is  used  only  when  gj-ain  flow  is  an  ext'-^niely 
critical  !'„■  .or  in  design.  This,  in  turn,  depends  on  the  directional 
properties  and  cleanliness  of  the  metal  being  forged. 


MGURE  3-1.  •'''cRAL  TYPICAL  RORCINC  SHAPES  ILLUSTRATING  UNDESIRABLE 
AND  PREFERRED  PARTING-LINE  LOCATIONS 


bl 


Methods  lor  locating  the  parting  line  on  complex  shapes  are  not  as  rtraighti'orwa  nl  as 
these  examples  would  indicate.  However,  they  illustrate  most  of  th.-  futrl.imnntals 
involved. 


Finish  Allowanca 

Finish  allov/ance  (sometimes  called  cleanup  allowance,  forging  envelope,  or 
machining  allowance)  is  the  amount  of  excess  metal  surrounding  the  intended  final  shape. 
The  finish  allowance  depends,  to  a  great  extent,  on  the  oxidation  behavior  of  the  metal 
being  forged.  Since  aluminum  and  magnesium  alloys  do  not  oxidize  appreciably  at  forg¬ 
ing  temperature,  they  are  often  forged  without  finish  allowances.  Most  other  metals, 
however,  are  subject  to  oxidation,  contamination,  or  decarburization  at  their  respective- 
forging  temperatures.  lienee,  a  finish  allowance  is  usually  provided  so  that  affected 
metal  can  be  removed  by  machining.  The  minimum  finish  allowance  usually  depends  on 
how  much  surface  material  has  to  be  removed.  Also,  certain  additional  finish  allow¬ 
ances  are  generally  provided  to  compensate  for  other.possible  local  surface  defects. 
Finish  allowances  usually  increase  with  increasing  forging  size  because  of  longer  heating 
times,  added  operations,  and  a  greater  chance  for  nicks,  dents,  and  other  detects  to 
occur  during  handling. 

Figure  3-2  indicates  practical  finish  allowances  recommended  for  several  forging- 
alloy  systems.  Forgings  with  smaller  finish  allowances  are  obtainable  but  usually  at 
added  cost. 
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•^lUURS  3-2.  RECOMMENDED  FINISH  ALLOWANCES  ¥OK  DIE  FOkClNGS  OF 
VARIOUS  ALLOY  SYSTEMS^') 
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Forcing  Draft 

Axial  projections  on  a  forging  ar'-  usually  tapered  so  that  the  forging  can  be  ea^iily 
removed  irom  the  die  cavity.  This  taper  is  called  draft.  A  typical  draft  for  a  disk- 
shaped  forging  is  shown  below.  The  most  common  draft  angles  are  between  5  and  7 


OUTSIDE  CRAFT  INSIDE  DRAFT 
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degrees.  Smaller  draft  angles  can  be  used  but  will  usually  result  in  increased  produc¬ 
tion  difficulty.  For  steel  forgings,  it  is  common  to  apply  a  smaller  draft  angle  on  the 
outside  surface  than  on  the  inside,  because  the  outside  surface  will  shrink  away  from 
the  die  during  cooling  and  permit  removal  of  the  forging.  Forging  designs  with  zero 
draft  require  dies  with  special  knockouts. 


Natural  Draft.  After  the  parting  line  has  been  established  and  machining  allow¬ 
ances  provided,  a  shape  may  have  what  is  called  natural  draft.  Figure  3-3  shows  five 
shapes  that  exhibit  natural  draft  on  all  or  some  of  their  surfaces.  The  sketche®  also 
show  how  parting-line  changes  can  be  made  to  take  advantage  of  natural  draft. 


Matching  Draft.  When  unsymmetrical  ribs  and  sidewalls  meet  at  the  parting  line, 
it  is  standard  practice  to  provide  gr»*ater  draft  on  the  shallower  die  to  make  the  for  j 
surfaces  meet  at  the  parting  line.  This  is  called  matching  draft,  and  is  illustrated  in 
Figure  3-4.  Ic  is  sometimes  necessary  to  use  the  principle  of  matching  drafts  for  sur¬ 
faces  other  than  the  outside  surfaces  of  a  forging.  The  lower  sketch  in  Figure  3-4  in¬ 
dicates  the  desirability  of  matching  the  drafts  of  centrally  located  ribs  that  are  slightly 
offset.  This  is  done  frequently  to  provide  for  the  most  favorable  grain  flow  in  the  rib. 


Selecting  the  Draft  Angle.  It  is  difficult  to  apply  hard  and  fast  rulep  for  selecting 
draft  angles  appropriate  to  individual  forging  designs.  Seven  decrees  is  the  most  com¬ 
monly  used  draft  angle.  To  reduce  marhiuing  requirements,  however,  it  in  oftan  de¬ 
sirable  to  seek  the  absolute  minimum  draft.  This  is  particularly  true  for  tall  profiles. 
Differences  in  equipment  capability  influence  the  selection  of  draft.  For  exemple,  it  is 
undesirable  to  use  knockout  equipment  in  drop  hammers  because  the  risk  of  die  break¬ 
age  and  attendant  safety  problems.  For  this  reason,  forgings  with  lero-degree  draf-.. 
are  seldom  considered  for  drop-hammer  forging.  On  the  other  hand,  forgi  vvith  zeic 
draft  can  be  produced  on  iiydraulic  and  mechanical  presses  and  other  enuir-ne  mere 
readily  adapted  to  Icnockout  arrangements. 

Tmc  metal  beiii,.  f  irged  also  has  a  significant  influence  on  the  minimum,  practical 
draft  angles.  Metals  heated  to  temperatures  far  above  th.at  of  the  dies  tend  to  shrink 


B.  NATURAL  DRAFT  PROVIDED  BY  CHANCING  PARTING  LINE 

FIGURE  3.3.  SEVERAL  TYPICAL  SHAPES  EXHIBITING  NATURAL  DRAFT 
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A.  UNSYMMETRICAL  SIO  lYALLS  AND  RIDS 


I  B.  UNSYMMETRICAL  AND  OPPSET  RIBS 

FIGURE  3-4.  EXAMPLES  OF  MATCHING  D;:^ArT 

I 

i 
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away  from  the  die  cavity  and  permit  eas'-  removal  of  forgings.  This  is  particularly  true 
if  the  metal  forms  an  oxide  that  serves  as  a  parting  agent  between  the  forging  and  dies. 
Alloys  of  titanium  and  nickel  tend  to  seize  or  gall  in  dies  of  sbrllow  draft  because  the  v 
do  not  develop  a  thick  oxide  during  heating,  such  as  the  scale  o-  steels.  In  at  least  one 
reported  case,  a  titanium  forging  actually  bonded  or  welded  to  the  forging  die,  thus 
ruining  it.  Such  alloys  require  greater  draft  angles  than  do  steels.  Guide  lines  for 
selecting  minimum  draft  angles  for  different  a.Moys  may  be  summarized  rxs  follows: 

(1)  Zero  and  1-degree  draft  angles  may  be  used  on  aluminum  and  magnesium 
forgings  of  the  extrusion  typo.  Back-extruded  cylinders  and  shafts  are 
frequently  designed  with  a  l-degree  d.raft.  The  operations  are  usually 
performed  either  on  presses  v/ith  coaxial  rams  or  by  split-die  techniques. 
Complex  rib-and-web  parts  of  aluminum  and  magnesium  have  been 
forged  with  zero  draft,  providing  the  ribs  are  formed  by  the  cxtrusio.n 
method. 

(2)  A  3-  to  5-degree  draft  angle  is  suitable  for  most  forgings  of  carbon, 
low-alloy,  and  stainless  steels,  and  for  some  of  the  ni..kcl-bsse  alloys, 
Knockout  equipment  is  desirable  but  not  essential. 

(3)  A  5-degree  draft  angle  is  generally  considered  the  minimum  for  titanium 
alloys  because  shallower  drafts  often  lead  to  seizing  and  galling  problems, 

(4)  A  7-degree  or  greater  draft  angle  is  generally  requi"ed  for  forgings  of 
alloys  requirlr.g  extreme  pressures  such  as  refractoi  y  metals,  the 
nickel-base  superalloys,  and  the  hot-cold  worked  austenitic  stainless 
steels  (e.  g.  ,  19-9DL,  16-25-6), 

It  should  be  recognized  that  forging  production  costs  normally  increase  as  the  draft 
angle  is  reduced  below  about  7  degrees.  Shallower  draft  angles  can  be  used,  however, 
in  special  forging  equipment  such  as  the  high- energy- rate  machines.  Even  titanium 
and  some  of  the  nickel-base  alloys  have  been  forged  with  draft  angles  of  1  c’eg-«c  n-  biua 
in  such  machines. 


Flash 


Conventional  forging  dies  are  designed  with  a  cavity  for  flash,  as  shown  in  ..he 
following  sketch  of  a  completed  forging. 
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Important  dimensions  in  the  flash  region  of  a  die  are  the  saddle  width  and  flash  thick¬ 
ness.  Increasing  constraint  is  provided  to  the  metal  being  forged  by  increasing  the 
saddle  width  atid/or  by  reducing  the  flash  thickness.  Restrirtirri*  ti  e  fo.’n.ation  of  fla.sh 
by  such  changes  in  the  die  design,  however  result  in  higher  forging- load  requirements, 


The  influence  of  flash  geometry  on  forging-load  requirements  was  determined  for 
a  typical  magnesium  impression  die  forging  of  the  A26l  alloy  by  Dietrich  and  .'".n.sel.  (2) 
For  variations  in  the  saadle-width  and  .-ash-thicknese  dimensions  on  dies  for  the  same 
forged  part,  the  forging  loads  required  were: 


Flash  Dimensions,  inch 


Saddle  Width 

0.  15 
0.  10 
0.  20 


Thickness 

0,  046 
0,  025 
0,  025 


Forging  Load, 
_ tons _ 

300 

385 

550 


It  can  be  seen  that  relatively  small  changes  in  the  flash  dimensions  can  result  in  ap¬ 
preciable  changes  in  the  forging-pressure  requirementB, 

Depending  on  the  size  of  the  forging,  flash-motal  losses  may  vary  between  5  and 
15  per  cent.  Losses  up  to  30  per  cent  have  been  reported,  however,  for  tall,  narrow 
forgings  and  for  blades.  To  minimize  flash-metal  losses,  a  "tapered  saddle"  is  some¬ 
times  used,  as  shown  in  the  sketch  below: 


Tapered  designs  provide  considerably  more  constraint  to  metal  flow  than  do  paraUel 
saddle  designs,  i.nd  thus  reduce  flash-metel  losses.  The  greater  forging  pressures  re¬ 
quired,  however,  Impose  greater  stresses  on  forging  dies.  A  tapered- saddle  design 
18  generally  used  when  the  material  savings  justify  the  use  of  larger  forging  equipment. 
To  a  degree,  therefore,  the  choice  of  flash  design  becomes  a  matter  of  enoncrnicf. 

At  times  the  outward  flow  of  metal  at  the  parting  line  assumes  added  impo,  taoce 
in  forging  design.  High-streniith-stoel  cylindrical  landing-gear  torjings,  for  exam.-.e, 
often  exhibit  abruptly  changing  grain-flow  patterns  in  the  parting- line  reg:0,n  arid,  af,  a 
r.isult.  have  lower  transverse  ductility  in  this  region  (this  is  called  the  "'Ir.sh-line 
effect").  A  m.thcd  for  minimizing  this  effect  Involves  the  use  of  a  beaded  flash  line, 
as  illustratec  in  Figure  3-b,  to  shift  the  undesir  ible  grain-flow  pattern  away  fronri  the 
finished  part  outline.  Figure  3-6  shows  an  example  of  a  large,  high-strength  seed  die 
forging  with  sucl;  a  bead  at  the  parting  line. 
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Flaw  in  fh«  Porflnf*L)n#  «iro«n  Plow  In  Tho  Portinq^Lino  Roflon 

PIGUKC  3>5.  METHOD  OE  IMPROVING  GRAIN  PLOW  PATTERN  IN  CYLINDRICAL 
PORGINGS  EY  USING  A  BEAD  AT  THE  PARTING  LINE 


Filial  and  G  rnar  Radii 

One  of  the  most  Imooitant  factors  in  the  design  of  die  torgings  is  the  proper  se¬ 
lection  of  fillet  and  corner  radii.  Metal  flowing  in  a  die  containing  cavities  of  various 
depths  will  not  undergo  abrupt  changes  in  the  flow  direction,  and  can  lead  to  a  condition 
called  "flow-through".  This  effect  is  illustrated  in  Figure  3-7,  which  compares  the 
metal  flow  in  impressirn  dies  designed  for  large  and  small  fillet  radii.  A  lap  or  cold 
shut  can  form  as  a  direct  result  of  flow-through  if  the  fillet  radius  is  too  small. 

Forgings  made  in  a  series  of  dies  with  varying  fillets  demonstrate  the  minimum 
fillet  for  a  particular  change  in  die-cavity  depth;  this  has  been  determined  for  a  number 
of  materials  by  the  forging  industry.  Figure  3-8  illustrates  how  the  mininr.’m  fillet 
radius  varies  with  increasir  j  rib  helglit  for  forgings  of  average  proportions.  It  should 
be  noted  that  the  fillets  given  in  the  upper  curve  of  this  illustration  are  for  a  single¬ 
impression  die  with  the  rib  near  the  edge  of  the  impression.  The  lower  curve  depicts 
smaller  fillets  that  can  be  obtained  by  using  successive  forging  dies.  An  acceptable 
rule  of  thumb  regarding  fillets  on  finished  forgings  containing  ribs  is  that,  to  achieve 
smaller  fillets,  one  additional  forging  die  is  required  to  reduce  the  fillet  radius  by  50  per 
cent.  Thus,  a  forging  containing  a  3- inch-high  rib  would  require  one  die  for  a  1-inch 
fillet,  two  successive  dies  for  a  1/2-inch  fillet,  and  three  successive  dies  for  a  1/4- 
inch  fillet.  It  is  usually  possible  to  use  smaller  fillets  adjacent  to  centiu.'.iy  located 
ribs  and  bobses.  As  a  general  rule,  sur!.  fillet  radii  can  be  about  25  per  c.r.t  small -“r 
than  for  ribs  near  the  edge  of  the  impressions. 

The  choice  of  corner  radii  is  not  as  criticd  as  it  is  for  fillets.  Howe'^'et,  small 
corner  radii,  e.  g, ,  1/16  inch,  generally  increase  the  chance*:  foi  die  failure  and  are 
more  difficult  to  fill.  As  shown  in  Figure  3-9,  large,  corner  radii  are  prefer.red  \or 
bosses  and  ribs,  and  a  full  radius  is  considered  optlir.u.n  for  ribs,  Minlnvam  ■  ecom- 
mended  corner  radii  for  bosses  and  ribs  are  indicated  in  Figure  3-*''  I't'v  ..h  .  .'um- 

alloy  forgi''gs. 

Because  of  ditf,..rence8  in  forging  characteristics,  the  recommendations  for  fillets 
and  corner  radii  differ  among  materials.  For  example,  where  a  l/l6-i..;'h  corner  radius 


Pioum  U.  LAROI  AIRCr.APT  LANCilMO-OIAR  POROIN6  DIIIONIR  WITH  A  11  AO  AT  THI 
HARTINO  UNI  TO  MINiMlII  PLAIH-LINI  IRPICT 


PICUKC  S.7.  FUOGRRSStVf  STACfS  OF  DIE  CLOSURE,  SHOWING  THE 


INFLUENCE  OF  FILLET  RADIUS  ON  METAL  FLOW 
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RIB  HEIGHT,  INCHES 


FIGURE  3-B. 

INFLUENCE  OF  RIB  HEIGHT 
ON  THE  MINIMUM  FILLET 
RADIIJS  FOR  $TF*:L  AND 
ALUMINUM  FORGINGS  OF 
AVERAGE  PROPORTIONS''’'^'^) 


Doto  (hawn  era  far  ribt  near  n  ifrr  edge  e(  fsrglng; 
mlnlmttm  radii  far  centrally  lacetad  riba  may  be 
abaut  25  par  cant  imaller. 
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FIGURE  3-9. 

OPTIOfiAL  DESIGNS  OF 
CORN  SR  RADII  FOR  ALUMI¬ 
NUM  and  steel  FORGINGS, 
SHOWING  ORDER  OF  PREFER¬ 
ENCE  FOR  1-INC»VHLCH 
BOSSES  AND  RIBS’’'^'^' 
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INFLUENCE  OF  IMPRESSION 
DEPTH  ON  THE  COPlicR 
RADII  OF  RIBS,  DOSSES, 
AND  OTHER  EDGES  FOR 
STEEL  AND  ALUMINUM 
FORGII^’  a  OF  AVERAGE 

PROPORTIONS' ’,3,4) 
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is  used  for  alnmimim  forgings,  a  l/S-inch  C'^rner  radius  would  be  used  for  titanium- 
alloy  forgings  of  comparable  shape  and  size.  Table  3-1  summarizes  the  fillet  and 
corner  radii  suggested  by  a  number  of  forging  companies  for  each  •^f  several  alloys. 

Another  guide  to  the  selection  of  minimum  radii  for  fillets  and  corners  or 
shallower,  lass  critical  projections  than  ribs. or  bosses  is  based  on  the  forging  weight. 
Table  3-2  presents  some  recommended  values  for  fillet  and  corner  radii  based  on 
forging  weight.  Except  for  very  small  lorgings,  the  fillet  radii  are  normally  twice  the 
recommended  corner  radii.  For  the  range  of  radii  given  in  Table  3-2,  the  smaller 
radii  are  for  generally  flat,  shallow  impre.ssions. 

It  is  important  to  maintain  corner  radii  as  consistent  as  possible  for  any  given 
shape.  This  practice  minimizes  the  need  for  numerous  machine-tool  changes  during 
die  sinking  and  reduces  die  costs. 


Minimum  Suction  Sizs 

One  of  the  most  important  methods  for  reducing  forging  weight  is  to  avoid  excess 
metal  on  tall  ribs  or  large  webs  where  small  reductions  in  thickness  account  for  sizable 
weight  reductions.  However,  there  are  practical  limits  on  the  minimum  section  thick¬ 
ness  because  many  alloys  have  narrow  forging-temperature  ranges  or  because  they  re¬ 
quire  high  foiging  pressures.  Thin,  flat  sections  require  conside.rF.bly  greater  forging 
pressure  than  bulkier  shapes  because  they  are  exposed  to  greater  frictional  forces  per 
unit  volume,  and  also  because  they  cool  more  rapidly.  These  factors  impose  apprecia¬ 
bly  higher  stresses  on  dies  and  forging  equipment. 

Another  limit  on  section  size  is  imposed  on  webs  between  ribs  or  other  projections. 
Figure  3-11  shows  the  s  quences  in  forging  two  rib-and-vreb  shapes  of  identical  design, 
except  for  the  web  thickness.  In  forming  the  ribs,  metal  normally  flows  toward  the 
center,  causing  the  web  to  increase  in  thickness.  If  the  web  in  the  blocked  forging  is 
too  thin  it  will  buckle,  causing  I  ps  in  the  web.  Thus,  there  are  limits  imposed  on  vt-.u 
thickness  that  depend  on  the  geometry  of  the  forging.  The  minimum  web  thickness 
producible  in  forgings  completely  surrounded  by  ribs  is  approximately  one-eighth  the 
web  width  (a  web  thickness-to-width  ratio  of  l;b).  This  is  by  no  means  a  rigid  rule. 

By  using  carefully  designed  preliminary  dies,  forging  companies  have  been  able  to  pro¬ 
duce  sound,  finished  forgings  with  1 /8-inch- thick  webs  between  ribs  3  inches  apart. 

This  represents  a  web  thickness-to-width  ratio  approaching  1:24.  As  a  "»*neral  rule, 
however,  this  is  accomplished  only  by  using  a  series  of  at  least  three  separate  die  sets; 
preblock,  block,  and  finish. 

The  thickness  limits  on  thin  ribs  are  imposed  in  much  the  same  manner  as  those 
for  webs.  They  are  influenced  by  the  metal  being  forged  and  by  the  forging  geometry. 

As  described  earlier,  the  choice  of  fillet  radii  and  the  location  of  the  rib  play  important 
roles  in  forging  a  sound,  vertical  rib.  The  location  of  the  parting  line  also  ir.fluotices  the 
possible  rib  geometry  These  factors  are  considered  in  the  following  discussion  of  four 
basic  types  of  ribs,  which  are  shown  in  Fig'ire  3-12: 

Type  1.  Centrally  located  ribs  are  formed  by  e.xt.rijdirii;;  mietal  from  che 

body  of  a  forging.  Geometric  limits  are  imposed  on  this  type  of 
r?b  by  the  volume  of  metal  beneith  the  rib  and  by  the  forging- 
pressure  requirements.  If  the  volume  of  n.retal  required  for 
filling  this  type  of  rib  is  not  available  in  the  body  of  the  forging, 
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TABLE  3-1.  FILLET  AND  CORNER  RADII  SUGGESTED  FOR  FORGINGS  OF  SEVERAL 
ALLOYS  WITH  1-INCH-HlGH  RiLG^’  ) 


Alloy 

Fillet  Radius,  inch 

Corner  Radius, 

ii'ch 

Preferred 

Minimum 

Preferred 

Minimum 

2014 

1/4 

3/16 

1/8 

1/16 

AISl  4340 

3/8-1/2 

1/4 

1/8 

1/16 

H-11 

3/8-1/2 

1/4 

3/16 

1/16 

17-7PH 

)/4-l/2 

3/16 

3/16 

3/32 

A-286 

1/2-3/4 

1/4-3/8 

1/4 

1/8 

Ti-6A1-4V 

1/2-5/8 

3/8 

1/4 

1/8 

Unalloyed  Mo 

1/2 

-- 

Full  radius 

3/8 

, 

up  to  1/2  in. 

TABLE  3-2.  GENERAL  RECOMMENDATIONS  FOR  MINIMUM  FILLET  AND  CORNER 
RADII  OF  STEEL  FORGINGS  ON  A  WEIGHT  BASIS'^* 

(Excluding  Ribs  and  Bosses) 


Forging  Weight, 
lb _ 

1 

2 

5 

10 

30 

100 


Fillet  Radius, 
inch 

3/ ‘='4- 1/8 

1/16-1/8 

1/8-1/4 

1/8-1/4 

I/4-1/2 

1/2 


Corner  Radius, 
inch 

"/64-1/8 

1/16-1,8 

1/8 

3/32-1/8 

i;8-l/4 

1/4 


TH!N-WEB  DESIGN 


nqrmal-web  design 


FIG"kE  -j-n.  TYPICAt  sequences  in  the  die  forging  of  a  KIB.AND.i/EB  PART, 
SHOYrii'iG  HOW  DEFECTS  CAN  CCCJR  IF  WcB  IS  TOO  THIN 
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a  defect  similar  to  "extrusion  pipe"  may  form  on  the  opposite  ^iHe, 

As  a. general  rule,  the  web  thickness  should  be  equal  to  or  greater 
than  the  rib  thickness  to  avoid  defects.  In  marginal  casesj  it  is 
sometimes  helpful  to  provide  a  short  rib  on  the  opposite  side  of 
the  web,  as  shown  in  the  second  sketch.  Thicker  ribs  are  needed 
when  forging  metal.c  requiring  unusually  high  forging  pressures. 

Type  2,  B.ibs  at  the  edges  of  forgings  with  the  parting  line  at  the  top  are 
formed  by  back  extrusion.  Such  ribs  are  not  subject  to  forging 
or  extrusion-t/pe  defects,  theri.;''rc,  section  thic.knesses  are 
limited  only  by  material  considerat'ons.  Ribs  thinner  tha.;  the 
other  three  types  are  possible  with  this  design. 

Type  3.  Ribs  at  the  edge  of  forgings  with  the  parting  line  at  the  base  are 
also  fv.v:;neJ  by  an  extrusion  type  of  flow,  but  are  not  subject  to 
extrusion-type  defects.  Section-thickness  limits  are  similar  to 
those  for  the  Type  1  ribs,  except  that  the  poisibility  of  flow¬ 
through  defects  limits  the  rib  height  to  a  greater  extent. 

Type  4.  Ribs  at  the  edge  of  a  forging  with  a  central  web  are  the  most  diffi¬ 
cult  to  forge.  Not  only  are  these  ribs  subject  to  flow-through 
defects  but  they  require  almost  double  the  volume  of  metal  re¬ 
quired  for  the  Type  3  ribs  of  comparable  dimeni'ions.  Such  rib 
designs  aLmost  always  require  preliminary  tooling  to  gather  the 
volume  <.f  metal  necessary  for  filling  the  final  die.  Minimum 
thicknesses  for  the  Type  4  ribs  are  generally  larger  than  are 
those  for  the  other  three  types. 

There  are  no  hard  and  fast  rules  that  apply  to  the  dimensions  of  ribs.  In  general, 
the  rib  height  should  not  exceed  eight  times  the  rib  width.  Most  forging  coi.ipanies 
prefer  to  work  with  rib  heigl  -to-wiCth  ratios  between  4:1  and  6:1.  Table  3  -3  summa¬ 
rizes,  for  several  alloys,  the  suggested  minimum  section- size  limits  for  ribs  and  wet  s 
with  conventic  nal  fillet  and  corner  radii  and  draft  angles.  The  most  important  fact 
brought  out  by  this  table  is  that  the  minimum  section  sizes  normally  increase  as  the 
forging-pressure  requirements  inc^'ease. 


FORGING  TOLERANCES 


There  are  practical  limitations  on  dimensions  and  other  characte_ristic8  of  forged 
parts,  which  vary  according  to  the  part  shape  ar>'.  size.  These  limitations  are  Influenced 
by  the  type  of  forging  equipment,  unavoidable  variations  in  forging  operations,  and  the 
properties  of  the  alloy  being  forged. 


Length  and  Width.  Length  and  width  tolerances  allow  for  varif»ti  >n8  in  dimensions 
measure^  in  a  plane  parallel  to  the  parting  line  of  the  dies.  These  tolerances  include 
allowances  for  shrinkage,  die-sinking,  and  die-polishing  variations. 
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TABLE  3-3.  SUGGESTED  MINIMUM  SECTION  THICKNESSES  FOR  RIB-AND-WEB 
FORGINGS  OF  SEVERAL  ALLO*lS(l) 

The  values  listed  are  for  rib-and-web  forgings  with  7-degree 
draft  and  standard  fillet  and  corner  radii. 


Minimum  Rib  Thickness,  in. ,  Minimum  Web  Thickness, 
for  Forgings  of  Given  in.  ,  for  Forgings  of  Given 

_ Plan  Area,  sq  in.  _  Plan  Area,  sq  in, _ 


Alloy 

Up  to  10 

10-100 

100-300  Up  to  10 

10-100 

100-300 

2014  (aluminum) 

0.  12 

0.  19 

0.  10 

0.  25 

0.  31 

AISI  4340  (low-alloy  steel) 

0.  12 

0.  19 

0.  19 

0.  31 

0.  50 

H-11  (hot-work  die  steel) 

0.  12 

3.  19 

0.  38 

17-7PH  (stainless  steel) 

0.25 

0.  38 

A-286  (superalloy) 

0.  25 

0.  38 

Ti-6A1-4V  (titanium  alloy) 

0,  25 

0.  31 

Unalloyed  Mo 

00 

o 

0.  38 

Note:  This  table  Is  based  on  dau  provided  by  sevecal  f'^rginp,  (.ompanlei.  In  manv  cases,  the  companies  d<d  not  agree  on 
minimum  values  for  rib  widths  and  web  thicknesses.  The  values  presented  here  indicate  the  most  advanced  state  of 
commercial  forging  practice.  There  wasgenw’l  agicementun  the  need  for  mote  liberal  tlimcnsloni  with  li.^  3"f'y 
requiting  the  greater  forging  pressures. 
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When  both  the  metal  being  forged  and  .he  dies  are  heated  to  their  j.-cspective  tem¬ 
peratures,  thermal  expansion  causes  a  change  in  their  dimensions.  After  forging,  the 
part  contracts  predictably  on  cooling  as  a  function  of  the  thermal-t.-xpanuion  coefficient 
and  the  final  forging  temperature.  Because  of  unequal  rnass  distributions,  however, 
the  final  forgi.ig  temperature  of  most  forgings  is  not  uniform  and  shrinkage  is  variable. 
This  causes  length  and  width  variations  which  must  be  taken  into  account  in  designing 
the  part. 


Die  Wear.  Die  wear  varies  according  to  the  material  being  forged.  For  example, 
the  die  wear  in  forging  superalloys  is  -usually  abou  -twice  that  for  carbon  steel.  Die- 
wear  tolerances  are  therefore  additive  to  length  and  vidth  tolerances. 

Die  wear  is  usually  greatest  at  locations  in  impression  dies  where  there  is  con¬ 
siderable  metal  movement,  such  as  at  projectiens  and  fillets.  The  die  material  "wears 
away"  in  these  areas  duo  l-j  the  extreme  temperature  and  pressure  conditions.  Die 
wear  is  greatest  when  forging  metals  that  form  tightly  adhering  abrasive  scale  at  forging 
temperatures.  Die  wear  is  also  accelerated  by  forging  metals  at  high  temperatures  be¬ 
cause  the  dies  frequently  soften  from  th«<4ieat  transferred  frqm  the  workpiece. 

Aluminxim  and  magnesium,  alloys  do  not  cause  much  die  wear;  thus,  the  normal 
length  and  width  tolerances  usually  include  allowances  for  any  minor  wear. 

Die  Closure.  Die-closure  tolerances  allow  for  thiclcncss  variations  of  forgings  ns 
affected  by  the  closing  of  f.rging  dies.  They  represent  the  variation  in  any  dimension 
crossing  the  parting  lin'd  of  the  fbrgifTg  ahd  lire  applied  in  a  direction  perpendicular  to  the 
major  forging  plane. 

During  the  forging  operation,  the  die  blocks  act  as  thick  plates  which  deflect 
elastically  under  the  forging  loads.  Under  these  circumstances,  the  dies  do  not.  always 
close  uniformly  and  the  forged  ^  irt  may  be  slightly  thicker  toward  the  center.  This 
behavior  is  more  pronounced  when  forging  long,  narrow  shapes  and  when  forging  metals 
that  require  high  forging  pressures.  Therefore,  die-closure  tolerances  include  normal 
piece-to-piece  variations  and  also  closure  variations  along  the  length  of  a  single  forging. 

Match.  Match  tolerances  (also  called  "die-shift"  and  "mismatch"  •-''lerances)  apply 
to  the  axial  alignment  of  two  opposing  impression  dies.  These  tolerances  are  a  measure 
of  the  lateral  displacement  of  a  point  in  one  die  from  a  corresponding  point  in  the  op¬ 
posite  die  in  any  direction  parallel  to  the  .forg;.ng  plane.  In  the  case  of  s-ymmetr'Crfl 
hollow  forgings,  they  are  called  wall-variation  tolerances.  Since  forging  machines  are 
essentially  large  elastic  bodies  and  are  subject  to  variations  consistent  with  the  fitting 
between  sliding  guides,  there  is  no  perfect  alignmersi  between  the  top  r?.nd  bottom  die 
blocks.  In  order  to  improve  alignment,  integral  matching  "locks"  are  tnachi.ied  into  the 
opposing  dies.  The  locks  provide  lead-in  surfaces  that  clign  the  dies  during  fc-ging. 

The  use  of  die  locks  is  particuiar'y  important  when  forging  uuttyT.-n.ietricai  part,?  t-  tt 
cause  side  thru.st.  For  symmetrical  parts,  die  locks  usually  are  not  e.- 

Surface,  Surface  tidcrances  indicate  the  allowable  depth  of  wrinkles,  scale  pits, 
ar.d  other  surface  defects  on  forgings.  Surface  tolerances  depend  to  some  extent  on  finish 
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allowancRB.  They  are  at  a  minimum  for  parts  retaining  as-fort^e.d  surfaces  and  at  a 
maximum  when  finish  allowance  is  provided  for  machining  the  surface. 


Straightness.  Straightness  tolerances  allow  for  slight  and  gradual  deviations  of 
surfaces  and  center  lines  from  the  .pacified  contour,  which  may  occur  from  post¬ 
forging  operations  such  as  trimming,  cooling  from  forging,  and  heat  treating.  Long, 
thin  forgings  are  more  susceptible  to  v'arpage  than  massive  shapes;  similarly,  thin 
disks  warp  more  than  thick  disks  of  comparable  diameter.  Some  alloys  like  annealed 
steels,  aluminum,  and  nickel  can  be  cold  straignicned,  while  others  like  magnesium, 
titanium,  and  molybdenum  usually  require  warm  SLraightening.  Thun,  the  factors  of 
both  shape  and  alloy  have  important  influences  on  straightness  tolerances. 


?lash  Extension.  Flash-extension  tolerances  indicate  the  amount  of  flash  extend¬ 
ing  fr:'m  the  body  of  a  forging  to  the  trimmed  edge  of  the  flash.  Trimming  generally 
refers  to  mechanical  shearing  of  the  flash.  However,  some  metals  are  not  amenable 
to  mechanical  trimming  because  of  cracking  problems,  and  special  tolerances  are  ap¬ 
plied  where  the  flash  must  be  removed  by  other  methods  such  as  torch  cutting,  machin¬ 


ing,  or  band  sawing.  The  tabulation  below 
for  several  types  of  alloys: 

Metal  or  Alloy 
Aluminum  alleys 

Magnesium  alloys 
Copper  alloys 

Armco  iron 

Carbon,  alloy,  and  stainless 
steels 

Titanium  alloys 
Nickel  alloys 
Molybdenum  alloys 
Nickel-base  superalloys 


lists  the  most  common  flash-removal  methods 

Flash  Removal  F'rocedures 
Usually  cold  trimmed 

Usually  band  sawed;  sometimes 
warm  trimmed 

Hot  or  cold  trimmed,  depending 
on  alloy 

Cold  trimmed 

Hot  trimir.ed 

Hot  trimmed 
Hot  trimmed 
Hot  trimmed 

Small  forgings  hot  tri.iimed;  large 
forgings  generally  machined 


Tungsten 


Usually  mach'.ned 
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CHAPTER  4 

POROtNO  DESION  PRACTICES 


ESTABLISHING  THE  INITIAL  FORGING  DESIGN 

One  of  the  most  important  considerations  ir.  es:  sblishing  a  die-forging  design  is 
the  total  cost  of  manufacturing  the  part.  For  forgings,  this  tost  can  be  broken  down 
generally  into  four  basic  categories: 

(1)  Material  coats 

(2)  Die  costs 

(3)  Forging  costs 

(4)  Machining  costs. 

The  consumer  of  forgings  realizes  that  machining  and  material  costs  can  be  reduced  by 
forging  close  to  the  finished-part  shape  and  dimensions  and,  ideally,  would  like  to  have 
forgings  made  to  final  form.  The  forging  company,  on  the  other  hand,  knows  that  such 
an  approach  usually  means  increasing  die  costs  and  increasing  forging  costs  and,  there¬ 
fore,  prefers  to  forge  parts  designed  with  a  minimum  of  forging  difficulty.  Without 
knowing  each  other's  processing  problems,  neither  the  consumer  or  the  forger  can 
establish  a  compromise  design  that  represents  the  lowest  practical  cost.  It  is  therefore 
important  for  both  the  user  and  producer  of  forgings  to  maintain  good  communications 
for  establishing  the  most  economical  design. 

Table  4-1  summarizes  the  information  most  often  needed  when  establishing  an 
initial  forging  design.  While  some  of  the  items  listed  are  not  directly  related  to  forging 
design,  they  represent  factors  influencing  the  final  cost  of  forgings. 

Quantity  is  probably  one  of  the  most  Important  items  listed.  For  small  quantities, 
a  generously  contoured  forging  with  liberal  finish  allowances  and  tolerances  may  be  far 
more  economical  than  a  more  precise  design.  The  opposite  mav  be  true  large  quan¬ 
tities.  It  is  a  common  practice  for  forging  companies  to  prepare  quotations  fo~  both 
types  of  designs.  This  approach  permits  the  c->r>Bumer  to  make  a  chi.. ice  based  c  .i  total 
processing  costs. 

Forging  designs  are  classified  by  most  forging  --ompauies  into  four  general 
categories: 

(1)  Blocker-type  designs 

(2)  Ccmir.ercial  designs 

(3)  Close-tolerance  resigns 

(4)  Preci.?ion  designs. 
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TABLE  4-  I .  A  SUMMARY  OF  INFORMATION  NEEDED  WHEN  EvSTABLISHlI4G  A;" 

'  "  »  INITIAL  FORCflNG  DESIGN 

(1)  Name  of  part  -  part  number 

(2)  Alloy  by  name  and/or  compo.*iition  —  list  alternative  alloys 

(3)  Estimated  quantity  requirements  -  pres”  it  and  future 

(4)  Blueprints  of  finished  part 

(5)  Blueprints  of  forging  design  if  proposed  by  purchasers 

(6)  Finish  -  specify  if  machined  or  unmachined 

'(a)  Prints  for  machining  (specify  surface-finish  requirements,  e.  g.  ,  rms) 

(b)  Desired  finish  envelope  if  unmachined 

(7)  Locations  for  target  machining 

(8)  Metallurgical  specifications,  e.  g.  ,  ASTM,  SAE,  AMS,  Military,  etc. 

(9)  Process  specifications,  if  not  included  in  metallurgical  specifications 

(a)  Packing 

(b)  Rust  preventatives 

(c)  Marking  and  identification 

(d)  Special  handling 

(10)  Quality-control  requirements,  if  not  included  in  metallurgical  specifications 

(a)  Nondestructive  testing  •  e.g.  ,  hardness,  magnetic  particic,  ultrasonic,  dye 
penetrant,  etc. 

(b)  Destructive  testing  —  types  of  tests  required  and  frequency 

(c)  Appropriate  testing  specifications 

(11)  Brief  description  of  part  and  fimctional  requirements  -  identity  iocHtions  and  di¬ 
rection  of  maximum  stresses 

(12)  Desired  dimensional  tolerances 

(13)  O. he r  ixiformati  .n  not  always  coverec' by  speciticatlons:  heat  treatment,  condition 
desired  hardness  range,  tooling  points 


Th?  !ir*'  repr«-«^i;  thji*  »-  ^  r-- -i  ^  i .  t- i  r.i  ttiv:  tinai- 

j.irt  o  aisn*  tn*! ,  «>■  ordingiy  .  j-iv  fcq  ».  r-  ar.  m  r.- i-  r  '-.hi  -  l‘,rj;ing 

dirs  *i  d  •.irjkn<  ctcp*.  rs*  bk>-- «»*  tYw«  «  -  •.  h* .-*»;*■  r. ,.  o  .a  i.onti)ars, 

•  rtf  t*'-"  ,  dr*'t  ?  d«(rv««  m  .tr ,  *n<i  1.  r*i  tir.isi.  «>.o\VAni.  cs.  The 

vor.-.ner  .^i  S»-rr  fnor«  \«4  d-»t*.U.  f.jt'tLtrd  •traa  (S-T  decrees),  sitialler 

radii  and  <»ni*l^  aU»«aP<.**.  aaid  *p«.  i'.  dsir-.^m;  -a".  toWrancv*  that  a"  i>t  av.-'i'".ed  on 

« q»T\m« r< lal  forg;^  Ca  •*i>>iata.s<e  dea.^nf  are  fcnjraUy  conaidcred 

a*  'hoae  kaeuig  a&4Ua«  4r«lt  il*>  4a||r««at,  iitt.e  or  *■»  :iiuah  alloarance,  and  dimen* 
«iona;  ioiera-'ieea  af  ie««  tkaia  kaif  tJti'a*  .or  jcr..Ti«  rv  iai  dcaigna.  Cloac -tote ranee 
f>r*i*4«  a»*  -Vi-  a.r»  Surged  .n  .  >f-  raaijr  •  ■  •*,{  aa  .aiiy  reqat.c  add«:b  opera- 

:■  ina  «  eh  aa  .i  jak't.ag. 

rv-  Seras  ’^ee^iataak*  aa  ag^aaad  to  targutg  deaagaa  la  ai--  aeli  detioco  even  i.t  th- 
:»rt«“g  ttAiaeri.  Siaekiartata  aa  "V  a>aa-(iaia«k*  t-  rgu^.  '^raittaaa*'  forgutg.  '“net"  (org- 

•  ag.  '“d  ■>:  loae  tolerafa.  ♦'  -ag  ara  oAea  aaad  aynoaaitau  att>  a;th  prectMon  forging. 

Fsr  a  kanar  ^etiMtaaai  at  tkaaa  taema,  at  aa  kacaaaart  *e  aaparaia  baaic  deatgn  etamenta 
Idrafk.  frlaaea,  fcnaak  alftawkwaa.  a«<.  |  (taaa  '•Aaraaata'.  iaUowakte  \a.>a(*.>nt  :n  dimen- 
aaanat.  faUawaag  tk^a  ag^eaack  gka  laltiaMlg  deftaataaaaa  ara  aaggeatad: 

0>  Oaae  Ta>ara<vi.a  Dkaian  -  A  laegi^  daeagaad  «aik  caenmerciaUy  racom- 
maadad  drkfl,  ll^aH  alWwaaacaa,  aec.  ,  kai  <a«tk  dim--  tinnal 

toao-anraa  o<  laaa  ikan  aM-kkll  tka  caoMarcikl  toiarancas  racaeamandad 
lor  aa  otkartalaa  alMilar  gaat. 

iit)  Cloaa-riaddk  IHat'm  «  A  fd'glag  daalgaad  witli  tba  minimum  draft,  fiaiah 
alloaraacaa,  radii,  ale.  ,  oMalaabla  la  convaational  forglag  aquipmant. 
IMmanaioaal  tolaraacaa  aa  laagUi,  widtli,  maick,  aurfaca,  and  atraltht* 
naas  ara  about  ona^kalf  tba  commarcial  tolaranraa,  but  di«  waar,  Oaah 
axtanaion,  and  dia*cloaara  talaraacaa  ara  about  tba  aama. 

(3)  Cloaa-rinlah,  Cloaa-T  taranca  Laalgn  -  Thia  daaign  combinaa  tba 
charactarlatica  of  (1)  and  (Z). 

(4)  Praciaiog  Daaian  —  Thaaa  daaigna  ara  aithar  forgad  or.  In  aoma  caaaa, 
forgad  and  apot  machined  to  praciae  dimanaiona  with  maximum  variationa 
on  the  order  of  dO,  010  inch, 

PreclAlon  forging  uaually  requiraa  the  uaa  of  additional  tooling,  jpoclul  tech- 

niquea,  and  Bpecialised  forging  machinery.  Moat  preciaion  forginga  from  alloy*  other 
than  thoae  of  alvunlnum  and  magneaium  are  (or^jed  with  preciae  toleri.ncea  only  o'.,  a  few 
reference  locations  rather  than  over  the  entire  forging.  Thia  permits  ciccurate  iocatior. 
in  fixtures,  Jiga ,  etc.,  for  aubaequent  machining.  In  an  increasing  number  of  insr.ances, 
forging  companies  are  apot  machining  preciae  tooliuif- point  locations,  atopa,  etc. ..  on  con¬ 
ventionally  designed  forgings.  Such  forgings  then  represent  a  form  of  ;  .ccision  d'isign. 


DESIGNS  FOR  DISKS,  CONES,  AND  OTHER  CIRCULAR  SHAPES 


Data  sheets  ure  giveii  in  this  section  for  facn  of  several  forged  circular  shapes 
including  disks  a'-.d  cones.  They  contain  information  on  design  features  (parting-line 
location,  selecrion  of  fillet  and  corner  radii,  etc. )  that  have  important  influences  on  the 
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Toi'ijing  operatioiis  required.  For  example^  typical  designs  end  forging  operatio-is  ai  !• 
compared  for  forging  disk  shapes  from  low-alloy  steels,  titanium  alloys,  and  nickel- 
base  superalloys  to  demonstrate  how  both  are  influenced  by  the  material  being  forged. 

Figure  4-1  shows  typical  design  and  forging  data  for  a  simple  disk  :th'spe  with  a 
short  rim.  Such  parts  are  frequently  used  in  jet-engme  compressors  and  turbines.  In 
these  applications,  the  materials  may  vary  from  low-alloy  steels  to  titanium  alloys  to 
iron-base  and  nickel-base  superalloys,  depending  on  service  requirements.  Tlnwe  ma¬ 
terials  represent  progressively  increasing  for-img  difficulty  and  require  progressi'-ely 
greater  material  allowances  in  the  webs,  ribs,  corners,  and  fillets.  In  ^he  case  of 
nickel-baae  superalloys,  frequent  inspection  steps  art  usually  necessary  to  locate  and 
remove  any  hot  thars  that  might  occur  during  forging. 

Oeaign  and  lorgirg  data  for  disk  chapea  with  hi^h  rims  are  compared  in  Figure  4-i! 
for  low-alloy  steels  and  alpha-beta  titanium  alloys.  Two  sets  of  dies  (black  and  finish) 
sre  noi'inally  required  to  forge  such  shapes.  In  general,  the  minimum  punchout  diam¬ 
eter,  D^,  is  about  3  inches  for  ateel  and  titanium  alloys.  Smaller  holes  may  be  trimmed, 
but  the  center-trim  tooling  is  more  complicated  (hence,  more  costly)  than  that  fox  edge 
trimming.  For  this  reason,  it  is  often  more  economicsl  to  machine  central  holes  that 
are  smaller  than  3-inch  diameter  unless  large  production  quantities  are  to  be  produced. 
Titanium  slloys  require  more  liberal  allowances  than  the  steels.  Superalloys,  especially 
the  second-generation  nickel-baae  alloys  such  aa  Udimet  500,  Astroloy,  Reu4  41, 
Waspaloy,  etc.  ,  cannot  be  forged  readily  in  such  designs.  Figure  4-3  illustrates  how 
typical  auperalloy  disk  and  hub  forgings  appear  before  and  after  machining,  Particular 
attention  is  directed  to  the  generous  fillet  radii  at  the  rim  and  central  hub  regions  that 
are  required  on  the  forged  shapes. 

Figure  4-4  shows  the  typical  design*  and  operations  for  forging  conical  shapes 
from  low-alloy  tteela  and  unalloyed  molybdenum.  Because  of  die-chilling  effects  and 
greater  forging-load  requirements,  deiiigns  for  molybdenum  generally  require  con 
siderably  larger  section- thicknesses  than  those  for  low-alloy  steels.  The  recrystalliau- 
tion  annealing  treatment  for  molybdenum,  denoted  as  optional,  ia  sometimes  used  for 
adjusting  final  rnechanical  properties.  This  also  helps  to  reduce  forging-loac  requiro- 
ments.  Preliminary  blocking  dies  are  generally  used  for  molybdenum  cones,  especially 

when  the  ^  ratios  exceed  1:1.  The  blocked  forging  is  generally  designed  solid  with  slight 

depressions  on  either  end,  as  shown  below: 


TTARTIHG  BILLET 


BLOCKED  BILLET 
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f  B  Finish  Allowune* 
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TYPICAL  FORCING  OPCRATIONSi 

•n«  ut  •!  dUs  required 

Heor 

Nest 

Finish  forqe 

Ups«t 

Trim  flesh 

inaptet 

H*ot 

Finish  forgs 

Trim  or  mochlno  flosh 

US'IAL  FORCING  EQUIPMENT: 

"■•ep  hammers 

Drop  hommort 

Hydraulic  presses 

Hydroulic  prossoB 

1.  TYPICAL  DESIGNS  AND  PRODUCTIDN  OPERATIONS  FOR  FORGING  SIMPLE  DISK 
SHAPES  OF  ,.JW-ALLOY  STEELS  AND  HICKEL-BaSE  SUPERALLOYS 
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LOW-ALLOY 

STEELS 

TITANIUM  ALLOYS 
(ALPHA-BETA  TYPE) 

TYPICAL  MINIMUM  DIMENSIONS 

D."» 

D,  =  10 

D.=  » 

D,=  10 

POR  TWO  DISK  .;ZES 

•i 

o.so* 

0.75* 
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1/«h 

1/6  h 

1/31. 

1/31. 

'c' 

0.12* 

0.12* 

0.19* 

0.12* 

:.ia* 

0.12* 

0.12* 

0.09* 

WJ 

0.J0" 
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w 
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TYPICAL  POPOING  OPERATIONS! 

(two  aota  of  dloa  roqulrod) 

Haet 

Upaai 

Blaek 

Pln’ah  tore# 
frim 

Haat 

Upaai 

Haat 

Black 

Inapaet 

H<tot 

Pint  at  I•r9• 
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USUAL  POIIG!NG  iQUIPMBNT:  Dr«.>p  hommara  Drop  hcminora 

Hydraulic  proaaoa 


P.r^llKE  4-2.  TYPICAL  DESIGNS  AND  PRODUCTION  OPERATIONS  FOR  PURGING  HIGH-RIM 
DIV:.  SHAPES  OF  LOW-ALLOY  STEELS  AND  TITANIUM-BASE  ALLOYS 


DISK  FORCINC 


FIGURE  4.3.  1YFICAL  AFPEARANCC  OF  SUFERACLOV  F0R6IMGS  REFORE  AND  AFTER  MACHINIKG 
FHC  .  .JR^rHS  COURTRiY  CAMERON  IRON  WORKS 
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TVPICAi.  MINIMUM  MMENSIONS 
POR  A  1MNCH-OD  COMB 

V 

fi 

'f 

TYPICAL  POROING  OPP’'\TIONSi 


USUAL  PORCIKG  BQUIPMBNTi 
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When  the  blocked  billet  is  forged  in  llie  finishing  die,  lateral  constraiv't  is  provided  to 
the  part,  theroby  reducing  the  chances  for  rupturing. 

Certain  circular  shapes  require  special  forging  equipment.  For  example,  the 
venturi-type  forging  shown  in  Figure  4-!t  requires  b  forging  machine  equipped  with 
multiple  rams.  Such  parts  are  readily  fc  'ged  in  multiple- ram  presses  where  the  main 
ram  presses  the  billet  between  two  dies  and  two  opposed  side  rams  simultaneously  back 
extrude  the  metal  to  form  the  venturi  shapes  (see  Chapter  1,  Figure  1“9).  Since  prenent- 
day  multiple -action  machines  are  slow-moving  hydraulic  presses,  the  parts  forgeable  by 
this  method  generally  have  rather  heavy  walls  and  ge-  -  rous  finish  allowances.  It  is  im¬ 
portant  to  allow  sufficient  excess  material  at  the  ends  of  these  parts  because  th?  metal 
does  not  always  flow  uniformly  in  both  directions. 

Contoured  rings  require  the  use  of  ring-roll  ng  machines  designed  for  this  pur¬ 
pose  (see  Chapter  1,  Figure  i-13).  Rolled  rings  are  producible  with  contours  on  both 
inside  and  outside  surfaces.  The  typical  designs  and  operations  for  rings  with  only  in¬ 
side  contours  are  given  in  Figure  4-6.  The  inside  shape  is  developed  by  a  comparatively 
small  contoured  idler  roll.  A  typical  rolled  ring  of  this  type  is  shown  in  Figure  4-7. 
Rolled  rings  with  both  inside  and  outside  contours  require  that  contours  be  machined  on 
both  the  small  idler  roll  and  the  l<.rger  main-drive  roll.  For  this  reason,  the  tooling 
costs  are- higher  than  fur  ringp  v/ith  iaside  contours  only.  Typical  designs  and  prodvtc- 
tion  operations  for  rolled  rings  with  both  inside  and  outside  contours  ure  presented  in 
Figure  4-8.  A  typical  ring  of  this  type  is  shown  in  Figure  4-9. 

The  typical  production  aequences  given  in  Figures  4-6  and  4-8  for  different  alloy 
groups  reflect  the  need  for  a  greater  number  of  operations  with  materials  of  increasing 
forging  difficulty.  When  rolling  suporalloys,  for  example,  it  is  quite  common  to  roll  in 
two  or  more  sets  of  rolls.  This  is  done  for  two  reasons;  (1)  to  minimise  cracking  by 
limiting  the  reductions  per  roll  pass  and  {Z)  to  provide  the  controlled  amount  of  reduc¬ 
tion  necessary  for  achieving  optimum  final  grain  size  and  mechanical  properties. 

Figure  4-10  illustrates  two  large  ring  shapes  that  can  be  successfully  contour 
rolled  from  alloy  and  stainless  steels.  The  dimensions  given  sre  typical  for  these 
alloys.  The  ring  having  a  moderate  contour  (Figure  4- 10a)  is  rolled  in  one  set  of  rolls. 
The  ring  of  extreme  contour  (Figure  4- 10b),  having  large  differences  in  diameter  top  to  ^ 
bottom,  requires  several  roll  passes  in  at  least  two  sets  of  rolls.  Rings  of  moderate 
contour  may  be  rolled  from  certain  superalloys  and  refractory  metals,  nm-iriding  the 
wall  thicknesses  are  greater.  Rings  producible  with  the  more  extreme  contours  are 
considered  limited  to  alloy  and.  martensitic  stainless  steels. 


DESIGNS  FOR  STRUCTURAL  SHAPES 

Structural  shapes  are  generally  thought  of  as  long,  narrow  parts  having  ribs, 
webs,  and  suitably  located  bos  sc.';  'or  attachment  to  adjoining  structures.  The  desi;  ,i  of 
forgings  for  structural  shapes  is  generally  more  complex  thaui  for  circuL.i.'  siiap'':;  be:* 
cause  of  the  "iJ"  and  "H”  shaped  rib-and-web  portions  enmmon  to  most  them. 

Data  sheet!:'  are  given  in  Figures  4-11  through  4-13  to  illustrate  some  of  the  typical 
designs  and  the  forging  sequences  necessary  for  structural  shapes  with  Type  2.,  Type  3, 
and  Type  4  ribs  (yee  Figure  3-12).  The  t-ypical  dimensions  given  are  the  "average 
values"  reported  .  r  commercial  designs  in  an  industry-wide  survey.  Typical  desigi  s 
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FIGURE  4-6.  TYPICAL  DESIGNS  AND  PRODUCTION  OPERATIONS  FOR  ROLL  FOP'rlHG  RINGS 
WITH  ID  CONTOURS  OF  LOW-ALLOY  STEELS  AND  NICKEL-EASE  SUPERALLOYS 
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FIGURE  4.8.  TYPICAL  DSSICHS  AND  PRODUCTION  OPEPATIOHS  FOR  ROLL  FOKCINC  RINGS 
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FIGURE  4.10.  TYPICAL  OIMBNSIONS  OF  LARGE  CONTOUR-ROLI  ED  RIK^S 
OF  A!  LOY  AND  STAINLESS  STEELS 


LOW- ALLOT 
ITIILI 


e.ir 

0.11* 

«.»• 

0.2S* 

0.0«* 

f 

Draw 
n«lt«n 
Plnlt)  larf* 
Trim 


*ln>prectti  Inipactlan  uiwally  r»av(r*4- 


TITANIUM 

UNALLOTID 

NICRIL-BAII 

ALLOTS 

MOLTDDINUM 

SUPRRALLDYt 

0.M* 

e.N* 

0.1  r 

0.3I* 

0.I0' 

o.»s* 

0.1*’ 

o.ir 

o.u* 

0.W* 

o.»* 

o.;s* 

0.W* 

0.11* 

o.ir 

1“ 

S“ 

f 

Naa* 

Haar 

Haar 

Draw  an4 

Draw  a«4 

Upaar  anO* 

Haar 

Haar 

Haar 

Pla«an* 

Ptarran 

P*a*'ra* 

Maa» 

Haar 

Haar 

Blacli* 

■lack* 

•lack  »...  1* 

Haar 

Annaal 

Haar 

Pinlah  laifa 

Haar 

•lack  Ha.  r 

T.tin 

Plalak  faifa 

JHar 

Trim 

Ptaick  kirpa 
Maclilaa  Hash 

TTDICAL  OIMINSIOMt  fOR 
COtlMIhClAL  omONt  »,i 


V 

h 

Orahi 

TYPICAL  OPIRATIONSi 


rlOURK  4.11.  TYPICAL  OISIGMS  AHD  PROOUCTICH  OPKItAilOMS  P«R  STRUCTURAL 
?'t)RCINCS  OP  VARIOUS  ALLOYS  WITH  TYPI  2  RItS 


ALUMIIIUM 

LOW.  ALLOY 

TITANIUM 

IROILtASR 

ALLOYS 

STIILS 

ALLOYS 

SUPIRALLOYS 

TYPICAL  BIMIHIIONt  POR 

COMMIRCIAL  DIIIONt  «,( 

o.u* 

e.ir 

e.3S' 

0,ll* 

X  *•! 

o.u« 

0.U* 

e.so‘ 

o.sr 

't' 

O.I»f 

0.1J* 

0.1** 

0.IS* 

V 

0.3** 

0.N* 

0.7S* 

1.00* 

A 

O.M> 

O.Cf* 

o.ir 

o.«» 

Ot»ln 

y* 

y 

p>  — 

f 

TYPICAL  OPtRATIONL 

Hm* 

Heat 

Haar 

Haat 

Drew 

Draw  aa4 

Draw  an4 

Draw  aa4 

Pl«<t«n 

Maal 

Haat 

Haak 

fcJ - - 

nWWT 

PlaMan 

Platraa* 

Flarran 

■latli 

Ulaak 

Haat 

Haat 

Pip'xK  la«ta 

Dlaak* 

■'aalf 

PlnltM 

Trim 

Haat 

Haat 

Trim 

Plalth  latfa 

PInlaL  iarta 

Trial 

Trim 

*lo>pr*nti  InifwcOan  utiMlIy  rafaltW. 


PIGME  4.13.  TYPICAL  DIMCMS  AMO  PPOOUCTlON  OPERATIONS  POIl  STPIK:TiMAL 
POKGINCS  OP  VARIOUS  ALLOYS  WITH  TYPE  3  RIRS 
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FiCURE  4.13.  TYPICAL  DESIGNS  AND  PRODUCTION  OPERATIONS  PM  STRUCTURAL 
;  ORONGS  OP  VARIOUS  ALLOYS  WITH  TYPE  4  RIRS 
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are  compared  for  alloyi  repreienting  increaaing  Icvela  of  forging  din'lcuHy,  The  allrya 
requiring  the  moat  generous  contours  and  the  least  tlutail  are  the  nickel-base  super¬ 
alloys.  The  typical  operations  listed  in  the  data  sheet*  are  not  given  in  preclne  detail^ 
hut  rather  are  presented  to  illustrate  that  more  operations  are  required  to  complete  the 
forging  of  the  more  difficult-to-work  alloys,  SorAe  of  the  alloys,  particularly  nickel- 
base  superalloys,  often  require  numerou.  in-process  inspection  steps  lo  locate  and  re¬ 
move  defects. 

Figure  4-14  compares  the  typical  design  limits  for  Type  4  rib-and-web  cross 
sections  for  aluminum  alloys  and  nickei-base  superaiioys.  These  shapes  represent 
what  may  be  considered  the  normal  production  capability  for  those  two  alloy  groups. 
Contours  of  better  shape  definition  require  higher  tooling  and  process-development 
co.sts  as  well  as  added  operations. 


PICURI  4-14.  OOMPARIIOM  OP  TYPICAL  LISIQM  LIMITS  POR  TYPI  4  RIB.AMILWKR 

STRUCTURAL  PORCIMOS  OP  ALUMINUM  ALLOYS  AND  NICKIL-RASf  SUPRRALLOYS 

Of  the  three  types  of  rib-and-web  forging  designs  illustrated,  the  Type  ^  rib  de¬ 
sign  represents  the  easicst-to-forge  shape.  The  most  common,  yet  more  diffi.  rUt-to- 
forge,  shape  is  the  Type  4  rib  design. 

Structural  shapes  containing  cross  ribs  (Type  1)  represent  an  added  level  of  forg¬ 
ing  difficvilty.  A  few  typical  structural  shapes  are  illuitrated  in  Figure  4-15.  Such, 
shapes  ere  not  produced  routinely,  and  close  coordination  with  forging  endors  is  gen¬ 
erally  required  to  establish  suitable  designs  for  these  shapes.  One  of  thu  greatest  dif¬ 
ficulties  with  such  designs  is  that  of  predicting  where  the  metuV  wiU  flow  in  the 

Whenever  possible,  it  is  desirable  to  design  these  forgings  with  puiK;l:-outa  in  the 
webs.  This  p^'cvidee  a  reservoir  for  any  excess  metal  that  otherwise  wo  J..  flow  from 
the  web  out  i,ie  flach  line  .■»  cause  defects  in  the  fillet  regions  similar  to  the  flow¬ 
through  defects  described  in  Chapter  3, 
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Fillet  and  corner  radii  for  theae  designs  are  about  the  same  as  tor  the  Type  4  de¬ 
sign.  Where  ribs  intersect,  however,  the  fillet  radius  at  the  junction  ’.vill  vary  with  the 
angle  of  intersection.  For  perpendicular  riba,  the  -  M'.i  radius  is  generally  increased 
to  about  1.  5  times  the  normal  radius  (the  same  effect  can  be  achieved  by  increasing  the 
draft  angle  in  the  Junction  to  10  degrees  or  more).  For  angles  of  Intersection  pro¬ 
gressively  smaller  than  90  degrees,  the  fi.let  radius  should  be  Increased  further,  for 
example,  twice  the  normal  radius  for  angle  of  45  degrees  or  less.  Convt'rsely,  for 
angles  of  intersection  progressively  greater  than  90  degrees,  the  fillet  radius  at  the 
junction  approaches  the  normal  fillet  radius.  Whenever  possible,  inside  cross  ribe 
should  be  no  higher  than  about  one-half  the  height  of  the  outside  ribs.  These  general 
rules  for  designing  intersecting  ribs  on  complex  structural  shapes  are  illustrated  in 
Figure  4-16.  It  should  be  noted  that  these  rules  generally  apply  only  to  alominum  alloys, 
magnesiur.n  alloys,  alloy  and  stainless  steels,  and  titanium  alloys.  Because  there  has 
been  so  little  need  for  such  forged  shapes  in  refractory  metals  or  superalloys,  it  can 
only  be  assumed  that  these  same  design  rules  would  apply  for  these  materials,  should 
the  need  arise. 


DESI(}NS  FOR  FORGINGS  WITH  PRECISION  TOLERANCES 


There  are  two  basic  methods  for  producing  forgings  with  precision  tolerances. 

The  first  consists  of  forging  all  details  as  close  as  possible  to  the  desired  tolerances 
on  dies,  followed  by  final  machining.  The  second  method  consists  of  forging  to  con¬ 
ventional  tolerances,  then  machining  specified  regions  on  the  forging  to  close  tolerances. 
This  is  called  "target"  machining.  The  primary  aim  of  both  methods  is  to  provide  for  a 
minimum  amount  of  machining. 


Prtcision  Forging 

The  concept  of  precision  forging  had  its  beginning  with  the  development  of 
extrusion-type,  no-draft  aluminum  forgings.  Forging  techniques  were  developed  to 
the  point  where  tolerances  on  aluminum  rib-and-web  shapes  could  be  held  to  as  little 
as  a  0.  005  inch.  An  example  of  such  a  forging  is  shown  in  Figure  4-17.  Precision 
forging  of  altuninum  alloys  is  practical  because  of  several  factors: 

(1)  Forging  and  die  temperatures  are  essentially  the  same.  * 

(2)  Aluminum  does  not  oxidize  significantly. 

(3)  Forging  pressure  requirements  are  low. 

(4)  Thermal  shrinkage  is  predictable. 

(5)  Aluminum  alloys  have  excellent  forgeability. 

Except  for  mat,.iestum  alloys,  no  other  structured  material,  posses.'es  all  these 
advantages. 


HORMAL  FILLET  RADIUS  AT 
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fICURE  4-16.  general  RULES  FOR  DESIGN  OF  FILLETS  ON  STRUCTURAL 
FORCINGS  WITH  INTERSECTING  RIBS 


lOi 


FIGURE  4-17.  TYPICAL  ALUMIMUM- ALLOY  PRECISION  FORCING 
COURYMY  OP  WYMAH-CORDON  COMPANY 

It  is  important  to  recognize  that  inherent  metal  properties  determine  the  ccpabil- 
ity  of  forging  to  small«  precise  dimensions.  Thus,  while  aluminum  and  magnesium 
alloys  can  be  readily  forged  to  extremely  close  tolerances,  it  is  much  more  difficult  to 
precision  forge  steels,  titanium  alloys,  and  other  materials  that  require  high  forging 
temperatures  and  high  forging  pressures,  and  are  inherently  less  forgeable.  Likewise, 
the  more  complicated  a  shape  becomes,  the  more  difficult  it  is  to  foige  to  small,  pre¬ 
cise  dimensions. 

In  the  past  few  yearp  considerable  peogress  has  been  made  toward  developing 
methods  for  producing  precision  forgings  from  metals  other  than  aluminum.  Efforts  by 
industry  and  Government  have  proven  precision-forging  capabilities  for  masnesium  al¬ 
loys,  titanium  alloys,  low-alloy  steels,  and  even  tungsten  alloys.  (i/2«3,4,5,6) 
parts  successfully  forged  represent  a  variety  of  forging  methods  and  forging-shape 
complexities.  Most  of  the  programs,  however,  have  demonstrated  that  precision  forg¬ 
ings  are  far  more  expensive  than  conventionally  designed  parts.  This  is  the  major 
reason  why  there  has  been  comparatively  little  demand  for  precisluu  for  com¬ 

mercial  applications. 


Hot-Die  Precision  Forging.  The  hot-die  forging  technique  consists  essentl<*lly  of 
forging  in  dies  heated  to  the  vicinity  of  the  forging  temperature.  Such  forging  is  nor¬ 
mally  done  in  hydraulic  presses  with  slow,  controllable  strokes.  Die  ter  peratures  must 
be  maintained  within  close  limits  to  insure  proper  metal  flow  and  to  maintain  dimensior.al 
tolerances.  The  presses  are  frequently  equipped  with  concentric  vams  or  with  n^^^ec.^l 
hold-iown  equipment.  The  tools  are  normally  equipped  with  mechanical  or  pnco.npr.;  - 
knockout  devices. 
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In  considering  the  possibility  of  making  a  part  by  hot-die  p»-eci3i.ori-forgin{, 
techniques,  it  is  important  to  know  certain  characteristics  of  thj  process: 

(1)  Die  temperatures  are  limited  to  about  1000  F  for  most  commercial 
die  materials.  Recent  ^experimental  work,  however,  has  demonstrated 
the  possibility  of  die  temperatures  up  to  1600  F  with  precision -cast 
dies  of  superalloys  such  as  Inconel  713  C.  C^)  A  current  program  ex¬ 
ploring  the  use  of  refractory  metals  as  die  materials  may  provide  a 
method  for  using  the  hot-die  technique  to  temperatures  higher  than 
1600  F.  (B)  The  costs  of  such  tooling  would  be  a  determining  fantor  in 
its  selection  for  a  given  forging  operation. 

(2)  Die-heating  fixtures  in  close  proximity  with  the  dies  require  careful 
handling.  .Special  heating  fixtures  may  have  to  be  custom  made  for 
each  set  of  forging  dies,  particularly  when  die  temperatures  are  in 
the  incandescent  range. 

(3)  Preliminary  blanks  require  dimensional  control  almost  as  precise 
as  for  the  final  forging. 

(4)  Lubricants  are  generally  applied  to  the  forging  blanks  because  the 
deep,  narrow  die  recesses  are  difficult  to  lubricate  evenly. 

(5)  Knockouts  must  be  spaced  adequately  to  permit  easy  ejection  and  to 
prevent  warping,  but  must  not  interfere  with  heating  fixtures, 

(6)  Heated  dies  must  have  enough  strength  to  withstand  pressures  on  the 
order  of  5  to  10  times  the  flow  stress  of  the  metal  being  forged. 

(7)  Since  the  tooling  c'-sts  are  .-jimerally  three  to  five  times  more  thar  for 
conventional  forgings,  the  ^e  material  should  last  for  several  hundred 
forgings  to  amortise  the  initial  cost. 

Because  of  the  high  costs  associated  with  dies  heated  much  above  1000  F,  it  is  likely 
that  the  hot-die  precision-forging  technique  will  continue  to  be  limited  to  aluminum  and 
magnesium  alloys  for  forging  intricate  shapes  on  a  production  basis. 


Segmewted-Die  Precision-Forging  T-»chniqu«8(2,3).  xhe  most  promii  inv  method 
developed  for  precision  forging  is  the  segmented-die  technique.  This  method  is  par¬ 
ticularly  suited  to  the  forging  of  steel  parts  having  thin  vertical  ribs  adjacent  to  thin 
webs.  Schematic  diagrams  of  the  tooling  anU  the  operations  involved  are  shewn  in 
Figure  4-18.  In  addition  to  allowing  easy  removal  of  the  forging,  ..le  method  provides 
for  vertical  metal  flow  without  risking  the  flow-through  defects  comiiion  to  aingle-accion 
forging  operations  on  such  parts.  Several  forged  parts  made  by  this  technivjur  show?, 
and  described  in  Figures  4-19  through  4-21. 

Sor  e  ot  the  important  requirements  and  chara.:teristici.  of  thv  split-die  technique 

are: 

(1)  Th^  number  of  steps  involved  include  preliminary  die  forging  to  a 
sn.'vpe  that  is  designed  conventionally  but  with  extremely  close 
tol'  •  uncos  for  controlling  weight  and  metal  distribution. 


3  HORIZONTAL  COMPRESMON 
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FIGURE  4.ie.  SCHEMATIC  DIAGRAMS  OF  FORGING  SEQUENCE  WITH 
SEGMENTED  PREQSION- FORCING  DIE* 
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(2)  Considerable  development  is  required  to  establish  the  propi.'r 
preliminary  range. 

(3)  The  die  segments  require  precise  machining >  not  only  on  the  impression 
surfaces,  but  on  the  mating  surfaces. 

(4)  The  reductions  obtained  by  the  final  sizing  operation  are  quite  small  and 
generally  localised  in  nature. 

(5)  Production  rates  are  comparatively  rlou'. 

(6)  Dimensional  precision  is  reproducible  because  the  small  reductions 
do  not  require  large  amounts  of  metal  movement  over  die  surfaces. 

(7)  The  method  is  particularly  useful  for  forging  steels  and  titanium  alloys. 

(8)  Larger  than  normal  equipment  ia  required  to  provide  the  necessary 
precision. 


As  an  example  of  the  last  point,  the  spoiler  hinge  forging  shown  in  Figure  4-21  required 
a  5,000<'pound  hammer  for  blocking,  an  18,000-pound  hammer  for  flniahing,  and  a 
4,000-ton  hydraulic  preas  for  the  final  alsing  operation  with  segmented  dies.  Ordinarily, 
a  conventionally  designed  part  could  be  blocked  and  finished  in  a  5,000-pound  hammer. 


Using  rough  figures  for  production  rates  and  equipment  costs,  the  following  tabu¬ 
lation  illustrates  the  expected  differences  in  forging  costs; 


Operation 


Equipment 

Equipment  Use  Rate,  Forging  Rate,  Forging  Costs, 

Roqu  red  doUars/hr  pleces/hr  dollavs/parc 


Conventional  Design 

Block  SOOO-lb  hammer  30  100  $0. 30 

Finish  5000-lb  hammer  30  100  0. 30 

$0.  60  per 
forging 


Precision  Deelan 


Block 

5000-lb  hammei; 

30 

50 

$0.  60 

Finish 

18,000-lb  hammer 

80 

20 

4.0U 

Size 

4000-ton  press 

50 

20 

2.  50 

$7. 10  per 

forging 


This  tabulation  does  not  take  into  account  the  higher  costs  of  the  prn<  or  of 

other  additional  operations  such  as  nickel  plating,  in-process  grind:\t\g,  dirnensicrkul 
inspectic  etc.  ,  necessary  for  the  precision  forging  Even  so,  th-  forging  costs  alone 
are  estiriiated  to  be  m.  ie  than  ten  times  those  for  the  conventional  design.  Thus,  the 
savings  in  niaterial  and  machining  costs  must  be  quite  high  to  Justify  the  process  on  an 
economic  basis. 
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High-Energy-Rate  Precision  Forging.  0  Precibion  forging  by  the  high- 

energy- rate  technique  had  its  inception  in  19^6^  with  the  development  uf  the  Dynapak 
high-velocity  forging  machine  which  is  actuated  r.y  compressed  gas.  3ince  that  time,  a 
fairly  wide  variety  of  parts  have  been  made  that  emphasise  the  advantages  of  the  process 
for  producing  forgings  that  represent  extrsiue  difficulty  when  forged  in  slow  presses  or 
in  muUiple-blow  hammers,  Fint.  detail  and  precise  dimensionc  are  attainable  by  high- 
energy-rate  forging  because  of  it»  basic  principle  of  substituting  velocity  for  mass  to 
develop  the  energy  imparted  to  a  workpiece.  The  high  velocity  of  forging  virtu^^lly 
eliminates  die-chilling  effects  on  the  workpiece  and,  thus,  extremely  thin  sections  can 
be  forged  by  this  method  in  a  single  stroke,  high  ram  velocities,  lighter  ram  weights 
and  shorter  strokes  can  be  utilized,  compared  to  a  drop  hammer,  and  die  alignment  can 
be  maintained  with  far  greater  precision.  Another  important  factoi  contributing  to  the 
precision  of  high-energy- rate  forging  is  its  ability  to  accurately  and  reproducibly 
"meter"  the  energy  delivered  by  adjusting  the  piressure  of  the  compressed  gas. 

The  closest  dimensional  precision  is  obtainable  on  parts  v/hsre  ribs,  bosses,  or 
other  projections  can  be  forged  in  one  of  the  two  dies.  This  automatically  eliminates 
variations  from  die  closure  and  die  shift.  Any  dimensional  va  riations,  therefore,  are 
traceable  to  either  die  wear,  die  sinking,  or  thermal  changes.  The  forged  titanium- 
alloy  impeller  shown  in  Figure  4-22  illustrates  this  point.  Here,  the  fins  and  contoured 
surfaces  are  formed  in  the  bottom  die.  On  the  opposite  side  of  the  parting  line,  the  part 
is  designed  with  conventional  finish  allowances.  The  threaded  shank  is  forged  on  the 
back  for  removing  the  part  from  the  lower  die  when  the  dies  eeparatc.  This  minimizes 
the  risk  of  die  softening  and  helps  to  increase  die  life.  Because  the  dimensions  on  the 
upper  die  are  not  critical,  die  wear  and  thermal  softening  are  not  significant  problems 
there.  Figure  4-23  shows  another  part  designed  on  this  same  principle.  This  part  was 
forged  in  one  blow  from  AISl  4340  steel. 

If  dimensional  precision  is  required  in  both  dies  and  across  the  parting  line, 
tolerances  must  necessarily  be  broader  to  include  die-closure  and  die-ehift  variaH'^r.r. 
Also,  the  die  chosen  for  gi..vpplng  the  workpiece  will  exhibit  greater  dimensional  varia¬ 
tions  since  it  will  be  subjected  to  thermal  softening  and  greater  wear.  It  has  been  re¬ 
ported  that  the  "gripping  die"  will  wear  out  three  to  five  times  faster  than  the  opposite 
die  if  aimilar  precision  is  required  in  each.  The  starting  blanks  must  be  held  to  close 
dimensional  tolerances,  and  proc.3BS  variables  such  as  forging  temperatures,  lubrica¬ 
tion,  die  temperatures,  and  transfer  time  must  be  controlled  within  close  limits.  If 
knockout  arrangements  are  used  for  removing  forgings  from  a  die  is  important  that 
the  part  repeatedly  stays  in  that  die. 

Some  of  the  important  character? sties  and  limitations  of  high-energy -tstc  f  j.g,’.  ;:, 
that  must  be  taken  into  account  in  considering  the  process  for  making  a  given  part  are: 

(1)  Significant  temperature  increases  caused  by  the  rapid  o-formatioi  may 
result  in  ir^cipient  melting  when  forging  certain  alloys  («.  g.  ,  liigh- 
carbon  steels,  high-strength  aluminum  alloys,  superalloys),  an.  c.rasc 
adverse  phase  cliar.^es  in  others  (e.  g.  ,  beta  embrittlement,  in  tUinii.m 
alloys). 

(?.)  Jvletala  exhibiting  low,'  ductility  under  rapid  deformation  rates  cannot  be 
f:>rged  readily  by  high -energy- rate  methods.  Magnesium  and  beryllium 
aUoys  are  noted  for  this  behavior. 


FIGURE  4-22.  TITMIUM-AULOY  IMFELLER  PRECISION  FORCED  OH  A 
HIGH.EHERGY>RATI  MACHINE  (TI-SAI-4V  ALLOY) 

COURTUY  OP  OCMUAL  DYNAMICS  CORPORATION 


FIGURE  4.23.  AISI  4340  TURBINE  TIHEEL  FORCED  ON  A  HK^-ENERGY-RATE 
COURTESY  OP  GENERAL  DYNAMICS  CORPURATIbkl 
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(3)  The  technique  is  particularly  auited  to  forging  alloyw'  that  require  high 
forging  temperaturea  and  that  arc  not  influenced  greatly  by  rapid  de¬ 
formation  (e.g.  ,  ateels,  r.rfractory  .•nfjiila,  and  nickel  alloya  having 
broad  forging  temperature  rangca). 

(i)  Part  aiae,  at  preaent,  I  •  generally  reatricted  to  about  25-30  square 
inches  of  plan  area. 

\5)  Part  ahape  is  generally  reatricted  to  parta  that  are  symmetrical  about 
some  axis  or  centerline.  Parts  dili:A..uit  to  define  geometrically  require 
extreme  caution  to  avoid  aide  thrust  du.'ing  forging. 

Figures  4-24  through  4-27  ahow  several  typical  parts  that  have  been  forged  by 
high-energy-ratn  techniques  and  illuairate  the  important  design  features.  Although 
these  parts  are  not  uii  considered  precision  forgings,  they  display  designs  that  are 
extremely  difficult  or  impractical  to  produce  by  conventional  forging  methods. 


Torgtt  Mochining 

With  the  possible  exception  of  the  small  parta  producible  by  high- energy-rate 
techniques,  the  majority  of  forgings  are  far  more  costly  when  forged  to  precision  toler¬ 
ances  than  when  forged  to  commercial  deaigna  and  tolerances.  Yet  precise  dimenaiona 
are  necessary  because  of  the  requirements  of  automatic  machining.  In  many  instances, 
these  precise  dimensions  are  needed  only  on  a  few  locations  on  a  forging  to  permit  re¬ 
producible  fixturing.  A  useful  method  for  accomplishing  this  ia  target  machining. 

Ordinarily,  forgings  are  Inspected  by  the  forging  company  to  be  sure  the  final 
part  can  be  machined.  This  inspection  is  generally  repeated  at  the  consumer's  facility 
before  the  part  is  released  for  machining.  The  machine  shop  will  again  lay  out  th^ 
forging  to  establish  the  loc..doiis  for  the  first  machining  cut,  after  which  the  part  is 
machined.  This  double  and  triple  inspection  can  be  avoided  by  having  the  forging  cori- 
pany  make  the  first  machining  cut  in  prescribed  locations.  Only  one  dimensional  in¬ 
spection  is  necessary.  Upon  laying  out  the  forging,  the  vendor  essentially  "locates"  the 
final  part  within  the  forging  envelope.  The  first  machining  cut  can  be  a  lathe-turned 
flange  on  a  di<3k  shape,  a  milled  flat  surface  on  a  fitting,  a  drilled  centerhole  on  a 
cylinder,  or  a  broached  slot  on  a  more  complex  shape.  Th4s  tech  \  c  has  been  used 
for  many  years  on  forged  crank  shafts  but  has  only  recently  become  popular  for  other 
forging  shapes. 

Substantial  coat  savings  can  be  realized  by  eliminating  the  extra  inspection  and  by 
permitting  the  use  of  leas  coatly  forging  deaigna.  Thua,  an  important  atep  for  eatablish- 
ing  an  economical  forging  design  ic  to  review  the  fixturing  requir  ments  and  determine 
whether  the  forging  vendor  can  make  the  first  machining  cut. 
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FIGURE  4.26.  FUNGEO  SHAFT  PRECISION  FORGED  ON  A  HIGK-EHERCY-RATE  MACHINE 
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CHAPT’tR  s 

FORGING  DEFECTS 


CLASSIFICATION  OF  DEFECTS 

Forging  defects  are  defined  as  those  that  result  from  improper  forging  operations. 
Certain  material  defects,  such  as  pipe,  seams,  and  segregation  also  can  result  in  de¬ 
fects  in  forging,  but  this  chapter  is  concerned  only  v  Hh  defects  associated  with  the  forg 
ing  operation  itself.  Material  defects  are  described  in  later  chapters  dealing  with 
specific  forging  alloy  systems. 


Lops 


The  term  "lap"  includes  a  multitude  of  defects  that  form  whenever  metal  folds  over 
itself  during  die  forging.  Laps  are  found  most  frequently  where  vertical  and  horizontal 
sections  intersect.  In  these  cases,  the  causes  are  usually  traceable  to  improper  selec¬ 
tion  of  fillet  radii.  Metal  flowing  nonuniformly  in  vertical  cavities  may  form  a  lap  when 
the  metal  finally  fills  the  cavity.  This  is  a  particular  problem  when  the  vertical  sec¬ 
tions  of  a  forging  vary  significantly  in  volume  requirements.  Figure  5-1  shows  a  forg¬ 
ing  containing  two  side  ribs  and  a  cross  rib  in  two  stages  of  forging;  partially  filled  and 
completely  filled.  A  lap  often  forms  in  the  side  rib  at  the  location  corresponding  to  the 
cross  rib  where  the  cross  rib  draws  metal  away  from  the  side  ribs. 


,P  ■  ■'  ■: 


Partially  Forged  Part 


Finlthod  Part 


FIGURE  5-1.  TYPICAL  LAPS  FORMED  WHEN  METAL  FLOWS  NONUNIFORMLY 
IN  A  RIB.AND.WEB  FORUNC 


Laps  can  also  occur  during  such  preliminary  forging  operations  as  swagin^. .  veil¬ 
ing,  edging,  and  fullering.  Such  laps  generally  show  up  on  die  forgings  at  a  src'nfh: 
distance,  from  the  end  of  the  die  but  at  a  random  location  about  the  horiaoiital  cer.terlme- 


116 


Coorse-Graifi  Wrinkles 

Forging  billets  containing  coarse  grains,  whether  as-csst  or  wrought,  will  develop 
wrinklec  during  forging.  An  example  of  such  wrii.kles  is  shown  in  Figure  5-2,  Shop 
terms  commonly  applied  to  this  type  of  forging  defect  are  "orange  peel"  or  "elephant 
skin".  When  such  billets  are  forged  in  cloeed  dies,  these  wrinkles  oft&a  fold  in  to  cause 
a  series  of  small  laps.  Although  hay  are  seldom  very  deep,  th<s3e  laps  produce  a  poor 
surface  appearance  that  often  necer.sitates  considerable  grinding  and  restrike  forging. 


Ma-0.5Ti-0.08Zr  Alley 
UOtet  50  yer  cant  at  2000  8 


PICURt  5-2.  TYPICAL  APPRARAHCR  OP  UPSRT  PORGRO  SILLRT  SHOWING 
WRINKLES  THAT  ARR  C.WSRD  SY  OOARSR  GRAINS 

Plew-Througli  Otfccls 

Flow-through  defacts  are  essentially  laps  that  form  when  metal  flows  past  die 
recesses  after  they  have  filled.  Figure  5-3  shows,. for  example,  how  a  completely 
filled,  sound  rib-and-web  forging  can  develop  flow-through  defects  by  continuing  to 
forge  after  filling  is  compl  te.  An  important  point  here  is  that,  although  the  lap  may 
be  shallow,  an  undesirable  grain-flow  pattern  may  extend  well  below  the  surface  and 
lead  to  unsatisfactory  mechanical  properties  in  the  vertical  rib. 


EXCESS  metal  PLOW  IN  PLASH  REGION- 
blSRUPTED  PLOW  LINES 


PIGURE  5-3.  TYPICAL  CAUSE  OP  PLOW.THRO'JGM  DEPECTS 
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Flow-through  defects  can  also  occur  ev^n  when  the  die  impression  is  not  com- 
pleteiy  filled.  This  happens  most  often  when  the  metal  in  the  rib  or  projection  exhibits 
an  increasing  resistance  to  flow  due  to  work  hardening  or  die-chilli.. g  effects.  This  ^s 
one  of  the  main  reasons  for  using  large  fillet  radii  on  forging  designs  for  refractory 
metals  or  superalloys. 

Flow-through  defects  can  also  occur  when  trapped  lubricant  forces  metal  ’■o  flow 
past  an  impression.  A  frequently  used  b..'Op  term  for  this  is  "bio wth rough"  when  the 
trapped  lubricant  flows  with  the  metal  and  is  forced  into  the  lap. 


Hot  Tears  and  Center  Bursts 

Hot  tears  are  surface  defects  that  occur  when  metals  rupture  during  forging. 
Examples  of  such  defects  are  shown  in  Figures  5-4  and  5-5,  The  Tiresence  of  segrega- 
tio.-.,  seams,  or  low-melting  or  brittle  second  phases  promotes  hi;  tearing  at  the  surface 
of  a  forging  during  upsetting. 

Center  bursts  are  ruptures  that  occur  in  the  center  of  billets  and  are  most  fre¬ 
quently  encountered  when  side  forging.  Center  bursts  of  the  kind  shown  in  Figure  5-6 
are  usually  traceable  to  segregation  and  brittle  second  phases.  Center  bursts  some¬ 
times  occur  when  the  temperature  of  a  metal  increases  significantly  as  a  result  of  large, 
rapid  reductions  and  incipient  melting  occurs.  Nickel-base  and  magnesium-base  alloys 
are  particularly  sensitive  to  center  bursts  from  this  cause. 


Olsturbed-Metel  Oeftett 

Defects  formed  when  surface  metal  shears  away  from  the  subsurface  metal  are 
called  "disturbed  metal"  defects.  They  are  usually  caused  by  either  too  much  or  too 
little  lubrication  applied  during  die  forging.  These  defects  are  a  particular  problem  in 
forging  alumimun  and  magnesium  alloys  wh.'sre  there  are  no  loose  ovider  to  provide  a 
parting  action  between  the  dies  and  workpiece.  The  defects  are  usually  quite  shallow 
but  they  cause  an  undesirable  surface  appearance.  Other  shop  terms  applied  to 
disturbed-metal  defects  are  "oil  scrub"  for  those  traceable  to  surplus  lubrication,  and 
"dry  die"  for  those  traceable  to  seizing  and  galling  from  inadequate  lubrication.  The 
dry-die  defects  are  sometimes  found  on  forgings  from  nickel-base  and  titanium-base 
alloys.  Again,  with  these  materials,  there  is  no  loose  oxide  that  would  help  minimize 
mctal-to-metal  contact. 


Thsrmol  Cracks 

Cracks  caused  by  stresses  resulting  from  r.cnunjform  temperatures  within  a  metal 
are  called  "thermal  cracks".  In  the  case  of  light  sections  of  high-hard,  lability  steels, 
for  example,  cracks  formed  on  cooling  originate  at  the  surface  and  extend  into  th«  body 
of  the  forging.  Thermal  cracks  of  this  type  can  be  avoided  by  cooling  forginge  eiow.'r 
either  in  insulating  material  or  in  a.  furnace. 

Another  type  of  thermal  crack  can  develop  w'hen  forgir.gs  arc  heate  too  rapidly, 
as  illustrated  lu  Figure  5-’’  The  internal  ruptures  form  because  the  hotter  surface 
layers  expand  mo-e  than  the  cooler  metal  near  the  center.  Since  the  tensile  stress  de¬ 
veloped  at  the  center  depends  on  the  temperature  gradient,  such  cracks  arc  more  Uksly 


FIGURE  5.<.  TYFICAL  APPBARAMCE  OF 
HOT  TEARS  OH  BILLETS 
UFSET  WITH  FLAT  DIES 


FIGURE  S-S.  TYPICAL  APPEARANCE  OF 
HOT  TEARS  ON  aOSED- 
DIE  FORGINGS 


FIGURE  TYPICAL  APPEARANCE  OF 
CENTER  BURST  OCCURRING 
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to  be  encountcied  in  metals  with  pocr  thermal  diffusivity.  Higher  coefficients  of 
thermal  expansion  are  also  unfavorable.  Cracks  of  this  kind  occur  more  frequently 
in  forgings  having  section  sizes  larger  than  about  3  inches.  The  cracks  uiiy  be  avoided 
by  either  of  the  following  measures: 

(1)  After  forging,  reheat  the  part  in  the  forge  furnace  to  remove  most 
of  cold-work  stresses,  then  cir  cool. 

(2)  If  the  forgings  are  cooled  to  room  temperature  after  forging,  reheat 
slowly  through  the  range  of  1000  1'  to  1500  F  before  solution  heat 
treating. 

The  second  method  is  the  usual  choice  for  many  materials  because  of  possible  problems 
of  grain-size  control  with  the  first.  It  should  be  noted  that  the  stresses  causing  the 
cracks  may  otherwise  cause  sufficient  strain  to  promote  abnormal  grain  growth  on  heat¬ 
ing.  As  can  be  seen  in  Fig->ra  5-7,  the  die  forging  contains  evidence  of  coarse  grains, 
particularly  in  the  central  portions.  It  appears  that  grain  growth  occurred  in  this  forg¬ 
ing,  after  the  cracks  developed,  upon  continuous  heatir.g  to  the  normal  solution  annealing 
temperatures. 


P>IGURI  5-7.  TYPICAL  THERMAL  CRACKS 
THAT  CAM  OCCUR  IN 
LARGE  FORGINGS  WHEN 
HEATED  TOO  RAPIDLY 


INSPECTION  METHODS 

The  surfaces  of  die  forgings  are  generally  roughened  to  some  extent  by  either 
sand  blasting,  tumbling,  pickling,  or  scaling.  For  this  reason,  external  defect:;  are 
not  always  observable  with  the  naked  eye  and  nondestructive  testing  procedures  are 
needed  for  locating  surface  defects.  The  most  common  methods  for  dr'octing  these 
defects  are: 

(1)  Magnetic -particle  inspection  for  magnetic  materials 

(2)  Dy^  -penetrant  inspection  for  nonmagnetic  malr'.rials 

(3)  Fluorescent-penetrant  inspection  for  nonmagnetic  materials 

(4)  Eddy-'  urrent  inspection  for  both  magnetic  and  nonmagnetic  materials. 
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Once  detecte.d,  external  delects  mast  be  ideiitilled  accurately  to  minimizs  lutu“e 
occurrences. 

Laps  that  are  caused  by  Improper  die  desi^^n  are  generally  identifiable  since  they 
nornnally  occur  in  the  same  place  on  each  forging.  Although  thermal  crK'^ks  are  some¬ 
times  mistaken  for  laps ^  laps  car  be  distinguished  readily  by  microscopic  examinations. 
They  are  usually  characterized  by  differing  flow  patterns  on  either  side  and  they  fre¬ 
quently  contain  oxides,  lubricants,  and  other  contaminants  that  were  enveloped  during 
forging.  Opposite  aides  of  laps  usually  appear  smooth  from  the  sliding  of  one  surface 
over  another. 
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CHAPTER  6 


FOROEAilLITY  OF  METALS  AND  ALLOYS 


OEFINtTION  OF  FORGEABILITY  ' 

Investigators  do  not  agree  on  the  meaning  of  the  word  "forgeability".  Some  use  the 
the  term  forgeability  to  denote  a  combination  of  both  resistance  to  deformation  and 
plasticity,  while  others  hold  that  the  term  should  be  restricted  to  describing  the  •ibility 
of  a  metal  to  undergo  deformation  without  fracture.  I'o  avoid  these  different  connota¬ 
tions,  another  group  of  investigators  has  used  the  term  "malleability"  to  describe  the 
latter  characteristic.  It  is  common  practice  in  the  forging  industry  to  use  still  different 
terms  to  describe  metals.  It  might  be  said,  for  example,  that  "a  metal  has  good  forge- 
aV'.lity,  but  it  is  stiff". 

Forgeability  is  defined  here  as  the  tolerance  of  a  metal  or  alloy  for  deformation 
without  failure,  regardless  of  forging-pressure  requirements. 

Most  alloys  can  be  classified  into  one  of  three  groups,  i.  e.  ,  those  showing  (l)good 
forgeability,  (2)  poor  forgeability  ,  and  (3)  variable  forgeability.  Alloys  such  as 
AlSl  4340,  Ti-6A1-4V,  or  Type  304  stainless  steel  always  show  good  forgeability  under 
proper  forging  conditions.  On  the  other  hand,  arc-cast  alloys  of  tungsten  and  molyb¬ 
denum  show  poor  forgeability  unless  the  coarse-grained  ingots  are  first  broken  down  by 
extrusion.  The  third  group  of  alloys  comprises  these  which  are  likely  to  demonstrate 
good  forgeability  in  one  heat  and  poor  in  the  next,  because  of  small  differences  in  com¬ 
position  or  microstructure.  Some  of  the  high-chromium  and  chromium-nickel  stainless 
steels  show  this  variable  forgeability.  In  these  cases,  the  variation  is  usually  traceable 
to  excessive  amounts  of  delta  ferrite  in  the  mi'* restructure.  Essentially  single-p'.iase 
alloys  containing  significant  amounts  of  grain-boundary  phases  (e.  g.  ,  oxides  in  molyb¬ 
denum)  will  usually  exhibit  poor^forgeability,  especially  if  the  grain  sise  is  large. 

Forgeability  evaluations  at  a  particular  temperature  do  not  necessarily  define  the 
eale  with  which  a  metal  can  be  forged  in  impression  dies  under  shop  conditions.  In  die¬ 
forging  operations,  metal  temperatures  usually  vary  because  of  die  chilling  and  because 
of  energy  absorption,  which  causes  heating.  Consequently,  a  metal  with  a  wide  forging 
temperature  range  may  be  easier  to  forge  than  is  one  which  withstands  equal  amounts  of 
deformation  without  rupture  in  standardized  tests. 


MEASUREMENT  OF  FORGEABILITY 

Forgeability  evaluation!  reported  by  most  investigators  are  based  on  one  or  more 
of  six  testing  methods.  In  the  genersd  descriptions  of  these  tests,  whic''  follow,  an 
attempt  has  been  made  to  show  where  each  test  can  be  used  most  ctfectively. 


Kot-Twist  Test.  This  test  consists  of  twisting  a  metal  at  elevated  trmperatarea  and 
couiitiiig  the  number  of  twists  to  failure;  a  larger  number  of  twist?  befoi-  failure  indi¬ 
cates  better  lorgeability.  '"bis  test  !■  particularly  useful  for  evaluating  alloys  that  are 
normally  hot  worked.  The  twisting  of  alloys  at  cold-working  temperatures  is  complicated 
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by  ntrain-hardening  effecta^  which  cauae  misleading  results  (hat  do  not  reflect  the  true 
deformation  tolerance  of  the  particular  alloy. 

A  pchematic  diagram  of  a  hot-twist  testing  apparatus  is  shown  in  Figure  6-1. 
Several  investigato.raU*^,  j,4>5)  have  used  devicee  similar  to  this.  Cl^rk  and 
modified  the  apparatus  to  measure  both  revolutions  to  failure  and  torque  us  comparative 
values  for  forgeability  and  flow  stress^  respectively,  at  various  temperatures.  Data 
obtained  on  both  properties  are  uiieful  for  estimating  optimum  forging  temperatures.  A 
report  by  Tout  and  Banning(^)  provides  useful  details  on  how  variables  in  the  twist  test 
influence  the  results  obtained.  In  general,  b::'h  the  number  of  twists  to  failure  and  the 
torque  required  for  twisting  increase  with  increasing  rotational  speeds  at  any  given 
temperature. 
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FIGURE  *.1.  SCHEMATIC  DIACrAM  OF  HOT-TWIST  TESTING  APPARATUS 
POR  MEASURING  PO«CEABILITT  OF  METALS 


Upset  Test.  This  test  usually  consists  of  upset  forging  a  series  of  cylindrical  bil¬ 
lets  to  various  thicknesses,  or  to  the  same  thickness  but  with  va  /ing  billet  length- to- 
diameter  ratios.  The  limit  for  upset  forging  without  failure  by  radial  or  peripheral 
cracking  is  considered  a  measure  of  forgeability.  This  test  is  the  one  moot  v-iHely  uesj 
by  the  forging  industry,  iv  ic  also  useful  to  some  extent  .(or  dotern.>.'uir<r  i.ilh  .  clcan- 
li.iess,  since  segregation,  seams,  and  porositv  cause  rupturing. 

Hotcheu-Bar  Ui,set  Test.  This  test  ii  essentially  the  same  as  the  upset  test  except 
that  longitudinal  notches  are  machined  into  the  test  bars  before  upsetting.'®)  Proponents 
of  this  tec:  argue  that  the  notch  causes  more  severe  stress  concentrations,  representing 
a  more  reli  .e  index  of  the  forgeability  to  be  expected  in  a  complex  forging  die. 
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Notchfrf-baf  upset  test  ssimples  are  prepared  by  quartering  a  billtt  lungitudinaUy 
into  four  test  bars.  This  exposes  center  mater-al  along  one  corner  of  each  test  samp'u. 
Longitudinal  notches  are  machined  into  the  test  samples  according  to  the  sketch  shown 
in  Figure  6-2.  Two  notch-root  radii  (1.0  rr;m  and  0.  '.-.'m)  are  used  on  alternate  faces. 

A  weld  button  in  often  placed  on  one  corner  for  identifying  the  center  and  surface  mate¬ 
rial  after  forging. 


PIGURC  6.2.  MtTHOP  OF  FRBFARIMC  SFRCIMiNS  FOR 
NOTCHED^BAR  UPSET  FORGEABILITY  TEST 


The  test  samples  are  heated  and  upset  forged  to  a  height  reduction  of  4:1  at  tem¬ 
peratures  prescribed  for  the  material.  More  than  one  temperature  may  be  studied, 
depending  on  prior  experience  with  the  alloy  in  question.  Because  of  the  stress  concen¬ 
trations,  the  bars  arc  most  likely  to  exhibit  rupturing  in  the  notched  areas. 

The  following  rating  systeir  has  bee^  devised  for  comparing  and  recording  the  tc-a* 
data:  If  no  ruptures  are  observed,  a  rating  of  0  is  applied.  If  the  ruptures  are  small, 
discontinuouu,  and  scattered,  the  rating  is  1,  Higher  rating  numbers  indicate  an  in¬ 
creasing  Incidence  and  depth  of  ruptures.  Figure  6-3  illustrates  this  suggested 
numerical  rating  for  four  degrees  of  rupturing. 

The  usefulness  of  this  test  Is  illustrated  in  Figure  6-4,  which  compares  rings 
rolled  from  heate  of  Type  403  stainless  steel  exnibiting  forgesbihty  ratings  of  0  and  4. 
The  ring  rolled  from'  the  heat  with  a  rating  of  0  was  sound,  while  the  ring  frot.-.  the  heat 
with  a  rating  of  4  ruptured  extensively. 

This  test  is  certainly  mors  sensitive  than  simple  upset  testing.  Reportedly,  un¬ 
notched  billets  from  heats  having  a  notched-bar  torge::.biUty  rating  of  3  may  be  perfactly 
sound  after  similar  reductions  by  simple  upsetting.  In  such  cases ;  the  simple  upiiet 
teat  usually  indicates  a  deceptively  higher  degree  of  forgeability  than  realised  in  p.-ac- 
tice.  Thus,  the  notched-bar  upset  is  particularly  useful  for  identifying  materials  h  '-.'ing 
marginal  forgeability. 

Hot-ln-paot  Tensile  Test.  This  tension  test  is  conducted  in  a  conventional  impact- 
test  machine(7)  sc  shown  schematically  in  Figuie  6-6.  The  test  is  particularly  suitable 
for  determining  forgeability  of  strain-rate-sensitive  and  precipitation-hardenable  alleys. 


FIGURE  6-3.  SUGGESTED  RATING  SYSTEM  FOR  MOVCHED-CAR  UF.'jTS  THAT 
■EXHIBIT  PROGRESSIVELY  POORER  FORGEABILITY 
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FIGURE  «-4.  ROLLCD  RIMOS  MADE  FROM  TWO  HEATS  OF  TYPE  <>.'3  iTAINLCSS  STE.U  EXHIEITINC 
i:.!FFERiNO  F0RCT4«5;LITY  RATINGS  IN  NOTCHED-BAR  >tPSETTINC  TESTS 
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PIGURE  6-S.  SCHEMATIC  DIAGRAM  OF  IMPACT-TEST  MACHINE 
ADAPTED  FOR  DETERMINING  FORGEABILITY 
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Superalloys,  for  example,  begin  to  show  precipitation  reactions  at  relatively  higli  tem¬ 
peratures.  When  precipitation  takes  place,  the  alloys  often  demenst.-ate  great'-y  reduce  ! 
forgeability  along  with  rapidly  increasing  resistance  to  deformation.  The  hot-impacl 
tensile  test  gives  qualitative  data  i-n  both  properties  by  U'easuring,  respectively,  reduc 
tion  in  area  and  the  foot-pounds  of  energy.  Since  the  test  does  not  evaluate  metal  clean¬ 
liness  or  surface  quality,  it  is  usually  supplemented  by  a  series  of  upset  tests. 


Tension  and  Compression  Tests.  These  tests  are  ordinarily  performed  in  conven¬ 
tional  tension-test  machines  which  have  ram  velocities  on  the  order  of  1  in.  /min.  Thus, 
strain  rates  obtainable  are  considerably  lower  than  -se  of  ordinary  forging  equipment. 
However,  tensile-test  data  (stress,  elongation,  and  redv  ction  in  area)  obtainea  at  tem¬ 
peratures  corresponding  to  forging  temperatures  are  useful  for  indicating  -.vhere  behavior 
such  as  strain  hardening,  grain  growth,  and  incipient  melting  occurs.  As  the  testing 
temperature  is  increased,  a  sharp  rise  in  ductility  usually  denotes  the  onset  of  the  hot- 
working  range;  a  gradual  leas  oi  ductility  usually  indicates  grain  growrth;  and  a  sharp 
drop  of  ductility  often  indicates  either  incipient  melting  or  the  appearance  of  a  second 
phase.  Precipitation-hardenable  nickel-base  superallcys,  for  example,  ordinarily 
exhibit  a  drop  in  tensile  ductility  at  temperatures  where  precipitation  takes  place. 

Compression  tests  would  be  expected  to  provide  values  more  useful  for  estimating 
forging  pressures.  For  instance,  pl;irie- strain  compression  tests  can  be  made  to  judge 
the  constraint  L-nposed  fay  undeformed  material  adjacent  to  the  specimen.  Unfortunately, 
it  is  desirable  that  the  compression  anvils  be  heated  to  the  testing  temperature  and,  at 
the  same  time,  be  stronger  than  the  material  being  investigated.  Consequently,  the 
compiession  test  is  seldom  used  for  evaluating  forging  characteristics  of  metals  forged 
much  above  1200  F. 


Choice  of  Tests.  The  proper  choice  among  forgeability  tests  depends  somewhat  on 
the  properties  of  the  alloy  being  tested.  Based  on  known  correlations  of  test  values  with 
forging  performance,  the  hot-twis.  test  is  particularly  useful  for  evaluating  the  forge¬ 
ability  of  carbon,  low-alloy,  and  stainless  steels,  which  are  forged  relatively  high  in 
their  hot-working  temperature  ranges.  However,  the  test  fails  to  correlate  with  the 
forging  performance  of  metals  deformed  at  comparatively  low  temperatures  because 
work-hardening  effects  cause  the  twisting  zone  to  shift  during  testing.  Tension  tests, 
performed  either  in  impact  or  tensile-test  machines,  provide  data  on  ductility  which 
agree  to  some  extent  with  the  forgeability  of  metals  at  cold-working  temp:  'vires. 
Probably  the  best  combination  of  tests  for  forgeability  consists  of  laboratory-scale  tests 
to  pinpoint  the  temperature  ranges  for  optimum  forgeability  followed  by  upset  (notched 
or  unnotched)  tests  on  full-size  billets.  Tht  upsel  tests  should  be  conducted  at  forging 
rates  comparable  to  those  expected  for  actual  die  forging  and  with  a  reduction  of  tit  least 
50  and  preferably  75  per  cent. 


METALLURGICAL  FACTORS  INFLUENCING  FORGEABILITY 

Pure  metals  behave  classically  during  forging  in  that  those  having  u-vt-c entered 
cubic,  body-centered  cubic,  and  close-packed  hexagonal  crystalline  struc'  ives  generally 
exhibit  decree  sing  forgeabil.'tv  in  that  order.  Once  the  purr  metals  are  intentionally  or 
unintentionally  alloyed  with  other  elements,  however,  these  classical  distinctions 
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!•  Pur*  M«toli  and  $ingi«>Phase  Alloys 

(a)  Aluminum  olloys 

(b)  Tentolum  olloyi 
(e)  Columbluni  alloys 

ll«  Pur*  Mttols  and  Singlo'Phos*  Alleys 
Exhibiting  Ropid  Crain  Crewth 

(a)  B*rylfium 

(b)  Mogn*tium  olloys 

(c)  Tungsten  olloys 

(d)  All-boto  titonium  oileys 

III*  Alloys  Containing  Eiomonts  That  Porm 
ksolubto  Compounds 
(o)  Rosulfurlr^c  stos! 

(b)  Stolnloss  st*ol  containing  seUnium 

IV*  Alloys  Contoining  Eiomonts  That  Form 
Soluble  Compounds 

(o)  Molybdenum  olloys  containing  oxides 
(b)  Stainleos  *.teol  containing  soluble 
carbides  or  nitrides 

V*  Alloys  Forming  Ductile  Second  Phose 
on  Heating 

(o)  High»chremium  stainless  steels 

VI.  Alloys  Forming  Lov^Meltlng  Second 
Phose  on  Hooting 
(o)  Iron  contoining  suHur 
(b)  Mognesium  olloys  contoining  zin-; 


Alloys  Forming  Ductile  Second  Phase 
on  Cooling 

(o)  Corben  and  low^oMny  stools 

|b)  Alpho^boto  and  olpho*titor>ium  alloys 

Alloys  Forming  Brittle  Soeond  Phaso 
on  Coolinp 
(o)  SuporoHoys 

(b)  Procipitotion-hordtnoblo  stainless 

stool  s. 


INCREASING  TEMPERATURE 


T^^  *■  moltino  tomp<>rtiruro* 


FIGURE  6-6.  EIGHT  TYPICAL  FORGEAPILITY  BEHAVIORS  EXHIdiTi:D 
BY  DIFPERENT  ALLOY  SYSTEi^S 


attributed  to  atomic  btracture  do  not  always  prevail  because  of  the  many  ocher  interre¬ 
lated  variables.  The  most  important  metallurgical  variables  are: 

(1)  Composition  and  purity 

(2)  Number  of  phases  present 

(3)  Grain  size. 

In  general,  the  forgeabilities  of  metals  and  alloys  increase  with  increasing  temperature. 
However,  there  are  eight  distinct  forgeability  behaviors  exhibited  by  the  various  alloy 
systems  as  they  are  affected  by  these  three  variables,  with  increasing  temperature. 
These  behaviors  are  exemplified  by  the  curves  show-  i*.  Figure  6-6, 

Pure  metals  and  single-phase  alloys  exhibit  increasing  forgeability  with  increasing 
temperature  (Type  I),  However,  as  temperature  increases,  grain  growth  occurs  and 
some  of  the  pure  metals  and  single-phase  alloys  exhibit  reduced  forgeability  with  in¬ 
creasing  grain  size  (Type  xl).  The  adverse  affect  of  increasing  grain  size  on  forgeability 
is  particularly  significant  when  brittle  compounds  are  formed  on  the  grain  boundaries. 
Figure  6-7  represents  the  typical  influence  of  grain  size  and  temperature  on  the  forge¬ 
ability  of  solid- solution  alloys  and  alloys  containing  elements  that  form  insoluble  com- 
pc, u’lds.  Metals  containing  fine  grains  have  much  larger  grain-boundary  surface  area 
than  those  with  coarse  grains.  Hence,  in  metals  that  contain  insoluble  compounds,  a 
fine  grain  size  produces  a  lower  concentration  of  the  compounds  at  the  grain  boundaries 
and  forgeability  is  far  better.  Molybdenum  and  tungsten  alloys  show  this  grain-size  de¬ 
pendency  more  than  most  metals  because  they  have  extremely  low  solubilities  for  owf- 
gen,  nitrogen,  and  other  elements  that  form  brittle  compounds.  Ordinarily,  solid- 
solution  alloys  show  only  slightly  reduced  forgeability  with  increasing  grain  size. 
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FORGED  AT  A  GIVEN 
TEMPERATURE 


Alloys  containing  elements  that  form  insoluble  compounds*  (Type  III)  exhibit 
brittle  behavior  regardless  of  forging  temperature.  However,  if  the  cc  ipounds  dissolve 
with  increasing  temperature  ( I'ype  IV),  tcrgeability  is  improved  and,  onco  complete 
solution  takes  place,  the  alloys  exhibit  forgeability  behavior  much  like  that  of  the  pi: —a 
metals  and  single-phase  alloys. 


*Diitinction  ii  maoe  b«’>'*en  compoun.ii  and  phajei  in  this  discussion  Aithough  sometimes  cailed  intermediate  phases,  com 
pounds  are  considered  a?  having  distinctive  stoichiometric  ratios  of  eiemcots. 
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Thus >  the  interaction  of  such  faccors  as  grain  growth  and  the  formation  of  in¬ 
soluble  compounds  complicates  forgeability  behavior.  For  example,  an  effort  to  im¬ 
prove  the  forgeability  of  an  alloy  by  increasing  the  forging  terripcratuve  may  actually  l  .  ari 
to  reduced  forgeability  because  of  grain  growth  and  the  accompanying  brittle  gram- 
boundary  condition. 

The  behaviors  of  Types  V  through  VIII  illustrate  bow  the  forgeabilities  of  alloys 
are  influenced  by  second  phases*  of  lifferent  characteristics.  Two-phase  alloys  are 
generally  less  forgeable  than  are  singie-ph,ise  alloys.  This  is  especially  true  if  the 
second  phase  is  present  in  small  amoun'-s.  In  hot-twist  studies  on  chromium  and 
chromium-ni'tkel  stainless  steels,  F.  K.  Bloom  et  al,  found  that  hot  workability 
dropped  rapidly  as  the  second  phase,  delta  ierrite,  began  to  form  upon  heating  the  other¬ 
wise  austenitic  alloys.  The  hot  workability  was  slowly  re.  tored  when  the  amount  of 
delta  ferrite  increased  in  propor'-'  s  above  about  15  per  cent  of  the  microstructu'  e. 
Alloys  containing  totally  ferritic  .-cructures  generally  showed  better  hot-twist  ductility 
than  did  those  containing  all  austenite.  Figure  6-8  depicts  how  a  totally  austenitic  steel 
will  behave  if  it  transforms  entirely  to  ferrite  upon  heating.  ** 


PICUKE  (NPLUCNCe  OF  DELTA  FEERITE  OH  THE  TWIST  DUCTILITY 
OF  HIOH-CHROMIUM  STAiHLESS  STEELS 


It  will  be  noticed  that  the  forgeability  of  these  steels  is  markedly  reduced  wh-ii  either  of 
the  two  phases  is  present  in  small  propovtious.  Yet,  both  phases  arc  individually 
ductile. 


*bistinction  ii  m»de  between  compoundV  end  phniei  In  thb  ditcuision.  Alitiough  tometiirifif  called  inT».rmcdi*it!  pV  'W'-,  com¬ 
pound!  are  considered  as  having  dlitinctive  noichiomctric  ratios  of  elements, 

**  Nor.:  of  the  individual  cumpor'tions  studied  by  Bloom,  et  al. ,  covered  the  full  range  of  behavior  i.'t.1icatew;  bu:  th:  authors 
selected  several  compssitlons  that  contained  varioui  proportlcns  of  the  two  uhat'S.  In  thb  way  th-  %  t,jdled  the  range  of 
mlcrostruc  jres  trom  totally  a"s*eni;lc  to  totally  fenritlc. 
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When,  a  seeund  phase  is  considerably  weaker  than  the  matrix  or  when  the  second 
phase  is  brittle,  forgeability  decreases  rapidly  with  increasing  amounts  of  the  aecona 
phase.  Second  phases  with  low  melting  points  have  a  similar  effect.  When  the  melting 
points  of  such  ^jhases  are  exceeded  during  forging,  Ih  ?  alloys  rupture  during  deforma¬ 
tion.  This  lattcir  condition  is  termed  "hot  shortness",  and  the  temperature  at  which  it 
occurs  is  called  the  "incipient"  melting  temperature. 


Another  influence  of  a  second  pnase  is  found  in  alloys  which  form  second  phases 
on  cooling  from  forging  temperatures.  Most  superalloys  for’example,  contain 
precipitation-hardening  additions  that  cause  precipitation  to  occur  in  the  matrix  phase 
if  forging  temperatures  are  below  the  solid-solution  it=mperature8.  This  effect  become 
increasingly  pronounced  with  increasing  amounts  of  allo/ing  elements  that  form  second 
phases.  Such  alloys  exhibit  minimum  as  well  as  maximum  forging  temperatures,  an 
shown  in  Figure  6-9.  The  Carpenter  Steel  Company{7)  has  conducted  some  notable 
studies  of  this  effect  using  the  hot-impact  tensile  test.  Its  work  on  the  iron-base  super 
alloy  V-57  showed  that  ductility  was  at  a  maximum  between  1700  F  and  2000  F,  as  il¬ 
lustrated  i;-.  Figure  6-10. 
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FIGURE  6-10.  INFLUENCE  OF  TEMPERA. 
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The  quantity,  distribution,  and  sh^  pe  of  second  phases  and  c'on\ponndi--  all  hav.  a 
strong  influence  on  forgeability.  If  these  components  are  conc  entrated  at  grain  bound¬ 
aries  in  the  form  of  distinct  globular  or  isolated  inclusions,  the/  aic  le;^b  harmful  than 
if  they  form  a  continuous  grain-bo-nda  cy  film.  The  mo.-:t  favorable  location  of  second 
phases  and  compounds  is  within  the  grains. 

The  influence  of  variations  in  temperature  on  the  forgeability  of  mel»ls  is  a  sub¬ 
ject  of  considerable  study,  especially  with  steels.  Contractor  and  Morgan(^)  made  an 
extensive  review  of  the  literature  on  the  subject  and  observed  that  the  hot-twist  test 
seemed  to  be  the  best  technique  for  measuring  hot  workability  of  steels  over  the  hot- 
working  temperature  ranges.  The  hot-twist  to  ?eemed  particularly  well  suited  to 
evaluating  forgeability  for  hot-piercing  operations 

All  investigators  concluded  that  the  forgeabilities  of  metals  increase  with  increas¬ 
ing  temperatures  until  a  temperature  is  rea':hed  where  either  a  second  phase  appears, 
melting  begins,  or,  Ir  some  instances,  grain  growth  is  excessive.  Practical  limits  to 
increasing  forging  temperatures  are  imposed  by  oxidation  or  contamination  reactions 
that  occur  when  the  hot  metal  is  exposed  to  the  atmosphere  during  forging.  These 
limits  are  described  in  later  chapters  on  individual  forging-alloy  systems. 


MECHANICAL  FACTORS  INFLUENCING  FORGEABILITY 


In  addition  to  metallurgical  factors,  strain  rate  and  strens  distribution  also  in¬ 
fluence  the  forgeability  of  metals.  It  is  widely  known,  for  example,  that  magnesium  and 
Us  alloys  exhibit  considerably  better  forgeability  when  deformed  in  presses  than  in  the 
faster  hammers.  Carbon  and  low-alloy  steels,  on  the  other  hand,  forge  as  well  or  bet¬ 
ter  at  higher  deformation  rates.  Ae  pointed  out  earlier,  metals  exhibit  increasing  flow 
stresses  with  increasing  strain  rates,  and  this  relative  increase  becomes  more  pro¬ 
nounced  St  higher  temperatures.  It  thus  seems  logical  that  ductility  should  decrease  in 
some  proportion  to  the  increase  in  flow  stress.  ’  This  is  essentially  true  fo.  magnesium 
and  boryliium,  but  the  beha'  or  is  n'.t  characteristic  of  carbon  and  low-allo/  steels.. 


In  general,  metals  exhibiting  low  ductility  at  cold-working  temperatures  show  re¬ 
duced  forgeability  at  increasing  strain  rates,  and  metals  exhibiting  high  ductility  at  cold¬ 
working  temperatures  are  not  noticeably  affected  by  increasing  strain  rates.  Metals  ex¬ 
hibiting  these  two  types  of  behavior  are; 


Low  Ductility 

Beryllium 

Magnesium 

Zinc 

Zirconium 

Titanium 


High  Ductility 

Silver 

Nickel 

Iron 

Copper 

Aluminum 

Tantalum 


It  is  readily  apparent  that  Uie  .'.east  ductile  types  are  those  contalnin);{  Vi;  x»  ;' tial 
close-packed  crystalline  structures.  The  forgeabilities  of  these  metals  are  also  *he 
most  sensitive  to  increasing  strain  rates  at  forging  temperat  ires, 

M'ltaii"  containing  coarse  grains  are  more  affected  by  strain  rate  than  are  metals 
containing  fi.ie  grains.  Early  work  showed  t>.at  magnesium  cou.ld  be  hammer  forged. 


providing  fine  grains  were  first  obtained  by  press  forging.  This  bohavior  correlates 
well  with  room-temperature  test  data  that  show  decreasing  elongation  vitK  increasing 
grain  sizes  for  AZ80  magnesium  alloy.  (^0) 

Grain  Size  Elongation,  % 

ASTM  0-1  3-4 

ASTM  5-7  9-12 

It  is  common  forging  practice  to  break  down  coarse-grained,  as-caot  ingots  of  alloys 
such  as  high-nickel  stainless  steels,  superalloys,  ana  aluminum  alloys  by  press  forging 
rather  than  by  hammer  forging  because  the  ingots  are  less  likely  to  crack  during  de¬ 
formation  at  low  strain  rates. 

When  metals  are  forced  rapidly,  the  work  of  deformation  can  cause  significant 
temperature  increases  that,  in  turn,  can  affect  forgeability.  At  very  high  deformation 
speeds,  the  temperature  rise  may  be  enough  to  cause  incipient  melting  oi  phase  change, 
both  of  which  reduce  forgeability.  Alloys  containing  second  phases  or  compounds  are 
more  likely  to  exhibit  decreasing  forgeability  with  increasing  deformation  speeds,  .  On 
the  other  hand,  single-phase  alloys  super-saturated  with  a  second  phase  will  usually 
exhibit  better  forgeability  st  higher  strain  rates.  Embrittlement  from  precipitation  of 
the  second  phase  during  deformation  may  occur  at  lower  strain  rates-.  At  the  higher 
rates,  precipitation  usually  takes  place  after  the  deformation  and' the  alloy  behaves  like 
a  normal,  single-phase  alloy.  For  these  reasons,  changes  in  forgeability  attributable 
solely  to  strain  rate  are  difficult  to  isolate  from  temperature  effects. 

A  significant  factor  contributing  to  variations  in  forgeability  is  the  type  of  stresses 
applied  to  the  metal  during  deformation.  During  ordinary  forging  operations,  the  work- 
piece  is  exposed  to  a  combination  of  compressi'*3,  tensile,  and  shear  stresses.  B.ap- 
tures  are  normally  associated  with  tensile  and  shear  stresses.  As  a  general  rule, 
therefore,  it  is  Important  to  provide  compressive  support  to  those  portions  of  a  loss 
forgeable  material  that  are  normally  exposed  to  the  tensile  and  shear  stresses. 

Even  simple  upset  forging  can  produce  a  varie^  of  stress  conditions  that  affect 
forgeability.  In  studies  with  copper  cylinders,  Cooki^U  showed  that  metal  deformation 
during  upset  forging  was  nonuniform;  the  metal  in  contact  with  and  adjacent  to  flat-die 
surfaces  was  virtually  unworked,  while  the  metal  toward  the  specimen  centers  was  de¬ 
formed  more  severely  than  indicated  by  the  simple  reduction  of  hciglit.  L- - by 

Wagner  and  Boulger(i2)  Tomlinson  and  Stringer(13)  show  similar  nonuniforrn.  de¬ 
formations  during  upset  forging  of  steel  cylind«-s.  Both  studies  show  that,  as  th*- 
cylinders  are  upset,  the  unworked  regions  at  the  unds  (called  *''dead-metal  zones"; 
remain  eseenlially  unworked  until  they  meet  at  the  center.  In  both  studies,  the  dead- 
metal  zone  was  found  to  be  approximately  in  the  sh^pc  nf  a  120-degree  cone.  Figure  6- 11 
shows  this  effect  schen.atically.  Until  these  cones  meet,  the  dead-met: '  i.ones  do  not 
begin  to  deform.  Wagner  and  Boulger's  studies  were  made  on  low-carbor.  steel  billets 
with  inserts  of  high-carbon  steel  rods;  the  Tomlinson  and  Stringer  studies  were  r..ac;c  on 
mild- steel  billets  with  a  central  nolo. 

The  Tonr’iuBon  and  Stringer  upset  studies  (Figure  6- lib)  shoved  th  t  che  metal  at 
the  billet  centers  flowa  out.  i.-d  until  the  dead-meta\  zones  meet  in  the  center.  At  this 
point,  the  metal  flow  reverses  and  causes  the  hole  to  close  snd  continue  to  weld  as  the 
upset  continues.  They  observed  that  the  dead-metal  zones  retain  essentially  the  same 
conical  geometry  i"  cylinders  varying  in  height-to-diameter  ratios  between  i-l  and  2:1. 
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providing  fine  grains  were  first  obtained  by  press  forging.  This  behavior  correlates 
well  with  room -temperature  test  data  that  show  decreasing  elongatio.i  wit!',  'nc  teasing 
grain  sizes  for  AZ80  magnesium  alloy.  (10) 

Grain  Size  Elongation,  % 

ASTM  0-1  3-4 

ASTM  5-7  9-12 

It  is  common  forging  practice  to  break  down  coarse-grained,  as-cast  ingots  of  alloys 
such  as  high-nickel  stainless  steels,  supsral.lays ,  and  aluminum  alloys  by  press  forging 
rather  than  by  hammer  forging  because  the  ingots  are  less  likely  to  crack  during  de¬ 
formation  at  low  strain  rates. 

When  metals  are  forged  rapidly,  the  work  of  deformation  can  cause  significant 
temperature  increases  that,  in  turn,  can  affect  forgeability.  At  very  high  deformation 
speeds,  the  temperature  rise  may  be  enough  to  cause  incipient  melting  phase  change, 
both  of  wliich  reduce  forgeability.  Alloys  containing  second  phases  or  compounds  are 
more  likely  to  exhibit  decreasing  forgeability  with  increasing  deformation  speeds.  On 
the  other  hand,  single-phase  alloys  su^sr-raturated  with  a  second  phase  will  usually 
exhibit  better  forgeability  at  higher  strain  rates.  Embrittlement  from  precipitation  of 
the  second  phase  daring  deformation  may  occur  at  lower  strain  rates.  At  the  highei- 
rates,  precipitation  usually  takes  place  after  the  deformation  and  the  alloy  behaves  like 
a  normal,  single-phase  alloy.  For  these  reasons,  changes  in  forget bility  attributable 
solely  to  strain  rate  are  difficult  to  isolate  from  temperature  effects. 

A  significant  factor  contributing  to  variations  in  forgeability  is  the  type  of  stresses 
applied  to  the  metal  during  deforma  ion.  During  ordinary  forging  operations,  the  work- 
piece  is  exposed  to  a  combination  of  compressive,  tensile,  and  shear  stresses.  Rup¬ 
tures  are  normally  associated  with  tensile  and  shear  stresses.  As  a  general  rule, 
therefore,  it  is  important  to  provide  compressive  support  to  those  portions  of  a  iess- 
forgeable  material  that  are  normally  exposed  to  the  tensile  and  shear  stresses. 

Even  simple  upset  forging  can  produce  a  varletv  of  stress  conditions  that  affect 
forgeability.  In  studies  with  copper  cylinders,  CookCH)  showed  that  metal  deformation 
during  upset  forging  was  nonuniform;  the.  metal  in  contact  with  and  adjacent  to  flat-die 
surfaces  was  virtually  unworked,  while  the  metsd  toward  the  specimen  centers  was  de¬ 
formed  more  severely  than  indicated  by  the  simple  reduction  of  height.  '*c3  by 
Wagner  and  Boulger(l2)  and  Tomlinson  and  Stringer()3)  *how  similar  nonuniform  de¬ 
formations  during  upset  forging  of  steel  cylinders.  Both  studies  show  that,  as  the 
cylinders  are  upset,  the  unworked  regions  ttif;  ends  (called  "dead-metal  zones’-; 
remain  essentially  unworked  until  they  meet  at  the  center.  In  both  studies,  the  dead- 
metal  zone  was  found  to  be  approximately  in  the  .shape  of  a  120-degree  cone.  Figure  6- 11 
shows  this  effect  schematically.  Until  these  cone.s  meet,  the  dead-mets’  zones  do  not 
begin  to  deform.  Wagner  and  Boulger's  studies  were  made  on  low-carbon  steel  billets 
V  rserts  of  high-carbon  steel  rods;  the  Tomlinson  and  Stringer  studies  were  ;  .avte  on 

j-teel  billets  with  a  central  hote. 

The  Tomlinson  and  Stringer  upset  studies  (Figure  6-1 ’b)  sh'>wed  tl-  .t  :he  metal  at 
the  billet  ceiuers.  flows  out-  rid  ’until  the  dead-metal  zones  meet  in  the  center.  At  this 
point,  the  metal  Tow  reverses  and  causes  the  hole  to  close  and  c  nitinue  to  weld  as  the 
ups-pt  continues.  They  observed  that  the  dead-metal  zones  retain  essentially  the  same 
cor)  ■  geometry  for  cylinders  varying  in  height-to-diameter  ratios  between  1;1  and.:  1. 
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FIGURE  6-11.  DEFORMATION  PATTERNS  IN  CYLINDRICAL  BILLETS 
UPSET  FORCED  BETWEFt;  FLAT  DIES 


These  points  about  upset  forging  are  clear: 

(1)  Metal  deformation  during  forging  is  nonuniform. 

(2)  Billet  centers  are  exposed  to  ra ' lal  tenoile  stresses  during  the  initial 
stages  of  forging. 

(3)  Stresses  at  the  billet  centers  become  entirely  compressive  once  the 
dead-metal  zones  meet.  This  occurs  at  a  height-to-diai.ieter  ratio 
of  approximately  1:2. 


When  lubrication  la  applied  to  flat  dies  during  upset  forgings  these  si.ress- 
distribution  patterns  change  considerably.  An  analysis  of  work  done  by  three  investiga- 
tcrs(l 2, 14, 15)  shows  that  the  shape  of  upset-forged  samples  can  change  with  decreasing 
friction,  as  illustrated  in  Figure  6-12.  The  increasing  diamet-^rs  of  the  concentric 
rings  show  that  decreasing  the  surface  friction  causes  increasing  amounts  of  surface- 
metal  flow.  This  produces  more  uniform  stress  distribution  and,  in  turn,  more  uniform 
metal  flow  (Figure  6- 12c).  When  friction  is  almost  co.npletely  eliminated,  conditions 
can  be  such  that  the  surface  metal  spreads  more  than  the  center  material  (Figure  6- 1 2d). 
This  occurs  frequently  when  forging  metals  such  as  aluminum  and  magnesium  on  dies 
heated  to  or  above  the  temperature  of  the  workpiece.  Thus,  an  infinite  combinai’.on  of 
stresses  can  exist  during  upset  forging  depending  on  (1)  the  h  /D  ratio  and  (2)  the  ^unount 
of  surface  spread. 


Th«  arrows  dwiut*  th«  r«lotlv«  mognitud*  of  fodtol  disgteconont  from  tn*'  coorrni  axlo. 


A.  Original  BilUt  With 
Equel-Spncsd  Grid 
Marking* 


B.  Little  at  Ne  Sotfaea 
Sp'oed;  Lorge 
l>aad.M«tol  Zons 


C.  Surface  Spread*  Alina*t 
e*  Much  a*  Cantor; 
Shollow  dead-Motel 
Zone 


D.  Surface  Sproedr.  Mere 
Then  Center;  Nn 
Decd-Metai  Zen* 


FIGURE  d-12.  SCHEMATIC  DRAWING  SHOWING  THE  INFLUENCE  OF  DECREASING 
FRICTION  ON  THE  DISTRIBUTIOH  OF  DEFORMATION  IN 
UPSET  FORCINGS 


Table  6-1  lists  neveral  metals  and  alloys  that  art;  considered  less*  crgeable 
materials.  Vhey  are  grou/  d  into  categories  according  to  che  range  of  upset  reductions 
obtainable  between  flat  dies.  Forger.hility  during  upset  forging  depends  on  the  nature  of 
the  billet  to  some  extent.  A  weak-centered  billet,  for  example,  is  best  upset  forged 
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with  minimum  spread  to  avoid  ruptures  av  the  die  surface.  Conversely,  a  billet  con¬ 
taining  surface  and  subsurface  defects  is  best  upset  forged  will;  maxirnnn\  spread  to 
provide  maximum  compressive  stress  at  the  billet  sides.  Relatively  brittle  materials 
are  best  forged  with  an  h/D  ratio  of  lees  than  Itl  b.-tween  nonlubricated  dies.  Center 
mate.  ial  I*  then  exposed  to  compressive  stresses  at  the  outset  of  deformation  and 
therefore  is  lets  likely  to  rupture.  This  observation  corresponds  well  w'th  the  prac¬ 
tices  used  to  forge  metals  exhibitir-»  poor  forgeability  (e.g.  ,  free-machining  steels, 
two-phase  alloys,  and  caet  Ingo^e).  Such  metals  are  usually  upset  forged  with  mini¬ 
mum  h/D  ratios.  For  example,  one  company(9)  reports  the  use  of  8- inch -diameter 
billet  stock  cut  to  lengths  of  2  to  .3  inches  for  forging  9-  to  lO-inch-diamete.*  disks 
from  Types  321  and  347  etainleea  steels. 


TABLE  6-1.  EXAMPLES  OF  LESS-FORGEABLE  METALS  AND  ALLOYS 


Approximate  Range  of  Upset  Reductions 
Obtainable  Without  Fracture  .Between  Flat  Dies 

Metal  or  Alloy 

Condition 

0-10  Per  Cent  10-25  Per  Cent 

25-50  Per  Cent 

Magnesium 

AZ80 

As  cast 

X 

ZK60 

As  i-ast 

X 

Colu.T.bium 

Cb-lZr 

Arc  cast 

X 

Nickel 

Hastelloy  W 

Air  meltod 

X 

Inco  901 

Air  melted 

Arc  caet 

X 

X 

Waspaloy 

Arc  caet 

X 

Rene  41 

Wrought 

X 

Arc  cast 

Wrought 

X 

X 

Molybdenum 

Arc  cast 

Arr  cast  and  extruded 

X 

X 

Tungsten 

Arc  cast 

Arc  cast  and  extruded 

X 

X 

Pressed  and  sintered 

X 

Chromium 

Arc  cast 

X 

Beryllium 

Arc  cast 

Arc  cast  and  extruded 
Hot  pressed 

x’  ' 

X 

X 

Methods  of  Improving  Forgeability 

It  has  been  well  establl.^hed  both  by  theory  and  in  practice  that  metal h  cor-inar.'^- 
tivcly  brittle  when  forged  without  lateral  support  between  flat  dies  can.  Le  detorrnod  sun- 
c(fSsfuUy  when  supported  completely  by  compressive  Ht..'CBses  as  in  xtrusion.  There 
are  several  techniquer  ‘n,-  affording  this  necessary  support  in  forging.  Some  involve  the 
use  of  specially  designed  dies.  Others  utilize  irtore  ductile  materials  in  the  form  of 
thick-walled  cans,  rings,  sleeves,  etc.  ,  for  containment  of  rhe  workpiece,  aomciimes 
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in  combination  with  specially  designed  dies.  When  considering  die-forging  design  with 
these  latter  techniques,  it  is  important  to  adapt  the  shape  to  accommodate  the  added 
•/olurne  of  expendable  material.  Because  cimultaneoi.’s  metal  flow  of  two  dissimilar 
metals  is  difficult  to  predict  accurately,  the  designs  for  the  less -forgeable  materials 
are  generally  conservative  and  represent  a  minimum  complexity  in  shape. 


Vee-Flat  Dies.  An  example  of  a  method  for  improving  forgeability  by  changing 
the  stress  distribution  during  forging  is  exemplified  by  the  "Vee-flat"  die  arrangement 
used  in  the  conversion  of  weak-centered  ingots.  Ac  ..hown  in  Figure  6-13,  flat  dies 
produce  maximum  stress  at  the  weak  billet  centers  while  the  Vee-flat  dies  shift  the 
maximum  stress  to  the  mid-radius  positions.  Ingots  containing  center  acgiegation, 
center  porosity,  or  coarse  grains  will  usually  exhibit  considerably  improved  forge¬ 
ability  v'hen  forged  in  the  Vee-flat  dies. 


Multiple -Stage  Upsetting  Dies.  Alloys  that  develop  ruptures  after  small  upset 
reductions,  e.  g.  ,  20-25  per  cent,  may  be  upset  forged  in  a  series  of  cylindrical  im- 
pr'ission  dies  having  progressively  larger  diameters,  each  permitting  20-25  per  cent 
reduction.  During  this  sequence,  the  bulging  common  to  ordinary  upset  forging  between 
flat  dies  is  prevented  and  the  billet  Is  upset  to  cylinders  with  progressively  larger  di¬ 
ameters  and  shorter  lengths.  It  does  not  take  many  stages,  howevv-r,  before  the  cost 
of  such  an  approach  becomes  expensive. 


Eseentially,  the  same  principle  la  employed  when  upset  forging  between  opposed 
conical  dies  of  the  type  illustrated  in  Figure  6-14.  The  tapered  cavities  of  such  dies 
provide  progressively  increaeing  lateral  support.  The  accumulated  small  reductions 
imparted  by  these  techniques  usually  provide  enough  deformation  to  permit  recrystal- 
lieation  and  grain  refinement.  When  thia  occurs,  forgeability  often  improves 
progressively. 


Arrewi  dmiot*  dl^vction  and  location  of  moxintwm  (trnsi, 

FIGURE  6-13.  PRINCIPLE  OF  VEE-FLAT  FORGING  01 E  SHOWING  HOW  MAXIInUK; 
STRESSES  ARE  SHIFTED  AWAY  FROM  THE  CENTER  OF 
A  FO^GlflG  BILLET 
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rr.tjRE  i-U.  SKETCH  OP  POT  DIES 
OESICHED  TO  PrOViOE 
COMPRESSIVE  STRESSES 
ON  BILLETS  OURINC 
UPSET  PORCINO 


Back-Extrmion  Diao.  The  b»ck-extrueion  proceit  !•  a  useful  method  for  forging 
under  esaentlally  compreasive  atreaa.  In  this  caae^  the  billet  is  placed  in  a  container 
matching  the  billet's  dimensions  and  shape.  A  punch  is  forced  into  the  billet  and  the 
metal  extrudes  into  the  annular  space  between  the  container  and  the  punch.  The  only 
portion  of  the  billet  that  is  unsupported  by  the  tools  is  at  the  top  edges  of  the  part.  For 
extremely  brittle  materials  >  additional  support  can  be  provided  in  this  region  by  usin^ 
an  expendable  ring  of  back-u.>  material  in  the  annular  space.  These  back-extrusion 
methods  are  illvistrated  in  Figure  6-15.  The  use  of  an  expendable  back-up  material  rr  - 
quires  a  double-action  forging  press.  This  is  necessary  to  provide  a  controlled  force 
on  the  pressure  ring  that  will  permit  the  expendable  material  to  extrude  between  the 
pressure  ring  and  the  container  as  the  punch  advances.  For  obvious  reasons,  these 
methods  are  suitable  only  to  cuplike  shapes  that  are  producible  by  back-extrusion 
techniques. 


Thick- Walled  Sleeves  and  Cans,  Anout  the  most  versatile  method  for  pi-ovidu;^ 
compressive  support  to  forging  billets  is  the  use  of  thick-walled  sleeves  and  cans  made 
from  expendable  material.  However,  the  process  is  also  probably  the  most  expensive 
because  the  canning  material  must  be  machined  to  fit  the  billet.  O-dinavily,  the  mate¬ 
rial  used  for  canning  has  greater  plasticity  than  the  billet  and  thus  it  flows  dii'ferently 
during  forging.  Figure  6-16  shows  the  typical  distribution  of  metal  forged  i  i  three 
configurations.  The  moro  pl.')^Uc  canning  niaterial  generally  gathers  in  the  rc.  vsses 
of  .-ontour  dies. 

In  .  ammary,  comparativelv  brittle  materials  can  be  forged  using  one  or  more  of 
these  special  tschniqu:.a.  For  example,  beryllium  forging  studies  at  three  companies(l^> 
17.18)  have  demonstrated  that  hot-prersed,  arc-cast,  and  arc-cast  and  extruded  beryl- 
.  lium  can  be  forged  by  methods  which  offer  1  :eral  constraint.  For  obvious  reas...n.s ,  how¬ 
ever,  the  der'  is  are  limited  to  simple,  ge.terally  axlsymmetrical  shapes. 


A.  SACK  tXTMUSION  WITH  A  SINGLE-ACTION  PUNCH 


8.  BACK  EXTRUSION  WITH  A  DOUBLE-ACTION  PUNCH  AND  EXPENDABLE 
BACK-UP  lAATERIAL 

t  MtHiod  B  It  inott  tultaU*  for  nrattriclt  with  vary  low  liuctlllty. 


PIGURE  6-1$.  BACK-EXTRUSION  METHODS  PDR  FORCING  UNDER 
COMPRESSIVE  LOADING  ON  THE  WORKPIECE 


Mothod  It  utod  for  contolldslion  ond/er  forging  of  motorloli  with 


FIGURE  6  16.  TYPICAL  DISTRIBUTION  OF  METAL  WHEN  FORCING  MATERIALS 
ARE  ENCAPSULATED  IN  THICK-WALLED  CANS 
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Often  these  tccl\niqucs  can  be  used  to  insui-e  rer, ry stallizat.ion  and  grain  letineiaent 
during  subsequent  annealing.  In  the  majority  of  cases,  this  improves  iorgeabiiity  enough 
to  permit  subsequent  forging  in  more  conventional  designs. 


PREDICTING  FORGING  BEHAVIOR 

As  a  general  rule,  the  differences  in  forgeability  among  alloy  groups  are  generally' 
greater  than  among  alloys  within  ary  one  group.  Within  the  iron-base  and  nickel-base 
alloy  systems,  however,  the  alloys  vary  from  highly  forgeable  to  those  which  are  com¬ 
paratively  brittle  even  under  the  most  carefully  .ontrolled  conditions.  Thus,  in  attempt¬ 
ing  to  rank  the  commonly  forged  materials  in  terms  of  ease  of  forging,  ii  is  necessary 
to  classify  the  materials  both  by  alloy  system  and  by  alloy  group  with'n  the  alio/  system. 
In  order  of  increasing  forging  difficulty,  such  a  classification  would  be: 

Aluminum  alloys 
Magnesivun  alloys 
Copper  alloys 

Carbon  and  low-alloy  steels 
Martensitic  stainless  steels 
Maraging  steels 
Austenitic  stainless  steels 
Nickel  alloys 

Semiaustenitic  PH  stainless  steels 

Titanium  alloys 

Iron-base  superalloys 

Cobalt-base  superalloys 

Coltunbium  alloys 

Tantalum  alio  vs 

Molybdenum  alloys 

Nickel-baae  superalloy's 

.ongsten  alloys 

Beryllium 

Data  on  the  forging  behavior  and  other  characteristics  for  most  of  these  alloy 
groups  are  given  in  later  chapters.  However,  it  is  worthwhile  to  review  here  the  steps 
necessary  for  malung  predictions  about  forging  behavior.  The  first  step  is  to  define  fae 
important  physical  characteristics  that  influence  pl.istic  behavior,  '^-'efly,  these  are: 

(1)  Crystalline  Structure  —  The  three  basic  metallic  crystalline  structures, 
close-packed  hexagonal,  facc-vcntered  cubic,  and  body-centered  c.u'uic, 
are  normally  associated  with  increasing  workability,  in  that  order. 

(2)  Phase  Changes  —  Transformations  ir^m  one  crystalline  structure  lo  a 
more  ductile  structure  during  healing  have  a  pronounced  effect  on  the 
plasticity  of  a  metal  and,  thus,  are  important  in  selecting  worlar- 
temperatures. 

(3)  .I-: umber  of  Phases  —  Since  alloys  comainiug  two  phases  r.'-e  generally 
ieas  forgeable  than  these  containing  one  phase,  forging  as  a  general 
rule  should  done  at  a  tempera:ure  sufficiently  high  to  dissolve  the 
second  phase  completely. 
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(4)  Solidus  Temperature  -  The  lowest  temperature  at  which  an  alloy 
begins  to  melt  defines  the  upper  limiting  temperature  for  f'.Mging. 

(5)  Recryjtallization  Tempera.ture  -  The  recrystallization  temperature 
of  a  metal  defines  the  limits  of  hot  and  cold  working. 

(6)  Grain  Size  —  The  ductility  and,  hence,  the  plasticity  of  an  alloy 
improve  with  decreasing  grain  size. 

(7)  Chemical  Reactions  —  Knowledge  of  surfac'  reactions  of  a  metal 
when  heated  in  certain  environments  is  impor*ajit  since  many 
reaction  products  have  an  effect  on  such  factors  a-  forgeability, 
friction,  and  final  forging  quality. 

H^ving  such  informa. i-ir  available,  first  predictions  of  forging  beh.xvior  can  he 
made.  The  following  examples  are  typical  approaches  for  two  metal  alloys,  A  and  B. 
Alloy  A  has  a  face-centered  cubic  crystalline  structure  and  contains  fine  grains.  The 
alloy  retains  a  single-phase  cubic  structure  from  absolute  zero  lo  melting,  which  starts 
at  5300  F.  The  alloy  recrystallizes  when  heated  in  the  neighborhooa  of  2200  F,  and  grain 
growth  occurs  above  this  temperature.  When  heated  to  1000  F,  the  alloy  begins  to 
oxidize.  At  higher  temperatures,  the  alloy  absorbs  both  oxygen  and  nitrogen,  forming  a 
hard,  contami'.'.ated  surface. 

Alloy  B  has  a  two-phase  structure  at  room  temperature.  One  phase  is  close- 
packed  hexagonal,  the  other  's  body-centered  cubic.  Upon  heating,  the  hexagonal  struc¬ 
ture  transforms  continuously  to  the  cubic  structure,  until  the  alloy  assumes  the  cubic 
structure  completely  at  1800  F.  The  presence  of  the  hexagonal  phase  retards  grain 
growth  of  the  cubic  phase  during  heating.  Above  1800  F,  the  single-phase  cubic  struc¬ 
ture  exhibits  rapid  grain  growth.  The  cubic  structure  is  retained  until  melting  begins 
at  2900  F.  Similar  to  Alloy  A,  Alloy  B  oxidizes  slowly  until  heated  above  1000  F, 
where  both  oxidation  and  contami  ition  become  increasingly  rapid. 

From  these  brief  descriptions  of  Alloys  A  and  h* ,  it  is  possible  to  make  the  fol¬ 
lowing  predictions  about  forging  behavior: 

(1)  Alloy  A  will  require  increasing  forging  pressure  with  increasing  reduc¬ 
tions  when  forged  at  temperatures  up  to  2200  F  (cold-working  behavior). 

(2)  Alloys  A  and  B  will  exhibit  hot-working  behaviors  at  forging  tempera  ¬ 
tures  above  2200  F  and  1800  F,  re8p...:tively. 

1(3)  To  prevent  oxidation  and  contamination,  both  alloys  require  protection 
by  suitable  atmospheres  or  coatings  if  hea^-ed  above  1000  F. 

(4)  Alloy  B  should  be  forged  at  temperatures  in  the  vicinity  of  1800  I^'. 

Higher  temperatures  would  promote  grain  growth;  io'RCi.'  tsmpe rature.^ 
would  reduce  forgeability. 

(5)  Allc  /  A  should  be  ductile  at  low  temperatures;  thus,  for^,ing  te  o.peraturea 
of  1000  F  or  lov'./v  are  suitable.  Use  of  forging  temperatures  above  1000  F 
would  provide  little  significant  advantage  unless  the  temperature  exceeded 
2200  .F,  where  the  alloy  would  exhibit  hot-working  behavior. 

•  A  lioys  fitting  the  descri  ’  ■  ’S  of  A  Hoys  A  and  B  are  Ta-30Cb-7, 6V  and  Ti-6A1-4V,  respectively. 
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This  knowledge  of  expected  forging  .^ehavior  of  the  alloys  in  itself  is  not  sufficient 
to  establish  a  suitable  forging  practice.  In  addition,  it  is  necessary  to  obtain  at  'east 
the  following  types  of  data  on  the  alloys: 

(1)  Flow  Stress  and/or  Upsetting  Pressure  —  Measurements  of  flow  stress 
and/or  upsetting  pressure  are  useful  for  estimating  forging  pressures 
and  equipment  requirements  for  a  given  alloy.  The  upsetting  pressure 
is  a  better  measure  of  forging-pressure  requirements  because  il  takes 
into  account  the  effects  of  friction. 

(2)  Tansile  Strength  and  Elongation  —  Te-'^'le  properties  at  elevated  tem¬ 
peratures  usually  are  more  readily  available  than  data  on  flow  st.iesu 
or  upsetting  pressure  and  can  be  used  as  a  guide  to  the  selection  of 
forging  conditions.  Comparisons  of  yield  strength  provide  a  measure 
of  the  relative  forging-pressure  requirements.  Similarly,  data  on 
tensile  eiorq* -tio.n  and  reduction  of  area  at  elevated  temperatures  are 
useful  for  estimating  forging-temperature  ranges, 

(3)  Plastic  Range  —  It  is  important  to  know  the  temperature  range  where 
grain  growth  becomes  excessive  because  of  its  effect  on  plasticity.  In 
general,  this  temperature  range  becomes  the  upper  limit  for  forging. 

The  lower  limit  is  determined  by  phase  changes,  embrittlement,  or 
an  impractically  high  forging  pressure, 

(4)  Strain-Rate  Sensitivity  —  All  metals  exhibit  an  increase  in  flow  stress 
with  increasing  strain  rate,  but  do  not  necessarily  exhibit  reduced 
ductility.  Data  an  the  effect  of  strain  ra,te  obtained  by  conducting 
comparable  upset  forgeability  tests  in  both  hammers  and  presses  are 
useful  in  selecting  forging  equipment. 

It  should  be  emphasized,  in  addition,  that,  no  matter  how  effective  a  method  seems  to  be 
for  selecting  conditions  for  f~rging,  i*  .Is  impossible  to  expect  a  consistent  rsspon-Tr  .'o 
forging  if  the  starting  material  is  not  uniform.  Segregation,  porosity,  and  heterogeneity 
all  contribute  to  forgeability  variations.  Common  practice  in  forge  shops,  therefore, 
consists  of  conducting  preliminary  upset  forgeability  studies  on  many  of  the  ir coming 
forging  billets  to  assure  a  reasonable  degree  of  uniformity. 
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CHAPTER  7 

ALUMINUM  FORGING  ALLOYS 


Crystal  tin*  Strsetara: 

Phat#  Chaagas! 

Nooibar  •!  Phatat: 

Li^aldas  Taaiyaratui<«  ^ontt: 
oollAis  Tawysrotaia  Raat*: 
Raoctlont  Whoa  Hootad  la  Ala 


ALLOYS  AND  FOkMS  AVAILABLE 


Faca-csnlafa<<  ’.ubic 
Nona 

Ganarally  on#  phosa  at  larging  tomparaturas 

1180  to  1215  F 

890  to  1195  F 

Oxidation  (not  continMout) 


The  compoaitions  of  aevon  aluminum  alloya  most  frequently  specified  in  the  form  of 
die  forgings  are  given  in  Table  7-1.  Included  are  data  useful  for  predicting  forging  be¬ 
havior  of  each  alloy.  Data  for  unalloyed  aluminum  (Grade  1100)  are  included  for  com¬ 
parison  purposes. 

Billet  stock  is  produced  from  continuously  cast  ingots  that  are  normally  convarted 
by  press  forging  to  square  bars  onu  then  rolled  to  rounds  or  plate.  Large  billets  (over 
12-inch-square  cross  section)  are  usually  furnished  as  square  bars. 


FORGING  BEHAVIOR 


Typical  stress-strain  curves  for  1100  aluminum  at  various  temperatures  and  at  a 
constant  strain  rate  are  given  in  Figure  7-1.  Figure  7-2  shows  how  the  flow  stress  at  a 
constant  reduction  increases  with  increasing  strain  rate  at  various  temperatures.  Wnsn 
these  graphs  are  combined  they  may  be  used  to  form  a  family  of  stress-strain  curves  for 
each  temperature^  depending  on  the  strain  rate.  Four  sets  of  such  stress-strain  curves 
are  given  in  Figure  7-3  showing  how  the  stress  sUfts  upward  with  increa>'ing  etiair.  rate. 
The  stress-strain  curves  at  840  F  actually  overlap  the  curves  obtained  at  1020  F.  At 
these  temperatures,  a  40-fold  increase  in  strain  rate  is  essentially  equal  to  a  130  F  de¬ 
crease  in  temperature.  Kent(^)  s:i.;iUed  the  influence  of  temperature  on  the  reductio» 
obtainable  on  1100  alumimun  when  forged  under  constant  drop-weight  conditions.  Xhc 
findings  of  this  work  are  presented  in  Figure  7-4  which  shows’  quantitative''/  'how  the 
upset  reductio..  at  constant  'rr>i.t  energy  increases  with  increasing  temperature. 
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Tensile  strengths  and  elongations  several  aluminum  alloys  at  various  tempera¬ 
tures  are  presented  in  Figures  7-5  and  7-6,  respectively.  Tab'e  7-2  presents  elevated 
temperature  yield  strengths  of  two  alloys  when  tested  at  two  strain  rates,  and  shows 
that  the  yield  strength  increases  with  increasing  strain  rate.  This  is  similar  to  the 
strain- rate  effect  described  earlier  for  1100  aluminum. 

TABLE  7-2.  INFLUENCE  :F  STRAIN  RATE  ON  THE  ELEVATED- FEMrERATURE 
YIELD  STREN:7THS  OF  TWO  ALUMINUM  ALLOYS(®> 


Strain  Rate. 

Yie'  J  SirenRtb. 

Dtl.  at  Tempetaturei  Indlctr-iK*) 

Alloy 

111. /in. /tec 

500  F 

600  F 

700  F 

2014 

0.01 

35,000 

25,000 

5,000 

1.0 

42,000 

30,000 

— 

7075 

0.01 

30,000 

20,000 

5,000 

1.0 

38,000 

24,000 

— 

(•)  Data  for  both  alloyi  ate  for  the  ioluUon -treated -and -aged  condition  (T6). 


Neither  of  the  above  forms  of  data  indicate  the  actual  forging  pressures  because 
the  values  were  determined  at  strain  rates  considerably  lower  than  that  of  conventional 
forging  equipment.  However,  the  data  provide  useful  information  about  relative  forging 
pressure  and  forgeability  when  comparing  the  alloys  with  each  other,  fjur  example, 
the  7075  alloy  which  is  relatively  difficult  to  forge  has  nearly  ten  times' the  .strength  of 
1100  aluminum  at  700  F. 

The  elongation  of  all  the  alloys  rises  sharply  at  temperatures  corresponding 
approximately  with  the  onset  of  recrystallization.  With  increasing  temperatures,  the 
elongation  values  reach  a  maximum,  then  begin  to  drop  -  first  gradually  as  grain 
growth  occurs,  then  sharply  when  melting  begins.  For  these  reasons,  elevated- 
temperature  elongation  values  serve  as  a  guide  to  selecting  forging  temperature  by 
indirectly  identifying  the  temperatures  for  recrystallization,  grain  growth,  and 

Figure  7-7  compares  elevated-temperature  strength  properties  with  actual  forgii.ig- 
pressure  data  for  1100  and  6061.  The  forging-pressure  curves  are  given  for  increasing 
levels  of  reduction.  As  expected,  the  forging  pressures  are  higher,  but  are  in  approxi¬ 
mately  the  same  proportion  as  the  tensile  strengths.  On  the  basis  of  the  curves  shown 
for  6061,  the  alloy  changes  from  cold-working  behavior  to  hot-working  behavior 
gradually  between  750  F  and  900  F  under  press-forging  conditicne. 


INFLUENCE  Or  FORGING  VARIABLES  ON 
MECHANICAL  PROPERTIES 


Mechanical  properties  of  aluminum-alloy  forgings  are  developed  Tjrimarily  thro;,’gh 
a  duplex  beat  treatment.  For  most  alloys  this  consists  of  solution  heat  treaf  nit  at  a 
temperature  just  below  the  colidus  temperature,  water  quenching,  then  agiii*}  b  -  .vveen 
250  and  350  F  for  several  hours.  The  heat  treatment  of  specific  alur.-.inum  alloyi.  i« 
well  covered  in  the  8th  Edition  of  the  ASM  Metals  Handbook,  '''ol  l(3'. 

Hei»t  ti'catable  aluminum  alloys  are  generally  strengthened  slightly  by  forging  in 
the  hot-working  range.  This  is  due,  in  part,  to  the  accompanying  reduction  of  grain  size 
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COMMENTARY  ON  FORGING  PRACTICES 

Out  of  the  family  of  structural  metals  and  alloys,  the  alummum  alloys  arc  most 
readily  forged  to  precise,  intricate  shapes.  Tb-'  most  significant  reabons  for  thi.  are: 
(1)  the  alloys  are  ductile,  (2)  they  can  be  forged  in  dies  heated  to  essentially  the  canie 
temperatures  as  the  workpiece,  (3)  they  do  not  develop  scale  during  heating,  and  (4)  they 
require  low  forging  pressures. 

The  major  factors  influencing  the  forgeability  of  aluminum  alloys  a^e  the  .solidus 
temperature  and  deformation  r.ate.  Most  of  the  alloys  are  forged  a*  about  100  F  heir -v 
the  sclidus  temperature.  The  risk  of  incipient  melting  exists  when  conditir.i-c  'or^  ng 
promote  significant  temperature  increases.  Such  inc'easas  are  caused  by  cither  too 
rapid  or  too  la  ga  .forging  reductions.  If  incipient  melting  occurs,  the  fo-gings  will 
sometimes  ruptui'e  ajid  will,  .ic  permanently  dame  god.  To  minimize  this  risk,  forging 
temperatures  are  often  adjusted  downward  for  increasing  amounts  and/or  increasing 
rates  of  reduction.  Examples  of  how  forging  temperatures  should  be  adjusted  for 
different  condition.'  -.  re  given  in  Table  7-3.  The  7075  and  7079  alloys  exhibit  poorer 
forgeability  in  bari....ers  than  in  presses  and  thus  are  usually  ->ress  forged.  Cross 
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forging  {a  series  of  upset  and  drawing-ou*^  operations  conducted  betweeii  flat  dies)  usually 
results  in  significant  temperature  increases;  hence,  the  temperatures  are  lower  than 
for  ordinary  hammer  and  press  forging. 

TA'’IE7-3.  adjustment  OF  FORGING  TEMPERATURES  TO  AVOID  CRACKING  OF  ALUMINUM  ALLOYS 
IN  VARIOUS  FORGING  OPERATIONsf  1) 


Alloy 

SoUdui 

Tempeiatuie, 

F 

Fotslns.  Tempeiuute 

,  F.  for  Given  TVPM  of  PorRliut  Operatlu.. 

Die  Potglng  in 
Hydraulic  Pteiaea 

Uie  Forging  In 
Drop  Hunmsti 

Upiet  Forging  In 
Drop  Hanuneri 

CtoM  Forging  In 
Pretnei 

High -Energy -Rate 
Ms-hine 

ROM 

ato 

860 

750-890 

750 

710 

660 

8026 

970 

880 

800-860 

— 

760 

•  • 

6061 

1080 

880 

860 

760 

7076 

890 

760 

700-726 

700 

650 -iuo 

o50 

7070 

900 

760 

700-726 

660-700 

— 

Aluminum  alloys  can  be  forged  in  any  of  the  forging-equipment  types  used  for  * 
other  metals.  Single-stroke  presses  are  often  preferred  for  forging  shapes  requiring 
large  reductions,  since  lubrication  can  be  applied  easily  and  the  pressing  speeds  are 
low  enough  to  avoid  harniful  temperature  increases.  Since  aluminum  does  not  form  a 
scale  when  heated,  direct  metal-to-die  contact  causes  seiaing  and  galling.  Hence,  it 
is  important  to  have  good,  continuous  lubrication. 


LubiicaUon.  Lubricants  used  for  aluminum-alloy  forgings  vary  from  kerosene,  to 
oil-graphite  suspensions,  to  complex,  proprietary  commercial  compounds.  Forging 
companies  frequently  mix  many  of  these  compounds  with  one  or  more  oils  and  some 
companies  permit  Individual  press  operators  to  slightly  modify  the  mixtures  for  ease  of 
application.  Hence,  it  is  difficult  to  apply  a  precise  rating  to  the  many  possible  lubri¬ 
cants,  In  general,  the  graphite  suspensions  applied  by  spraying  are  preferred  for  press 
forging,  while  water-soluble  soaps  applied  by  swabs  are  frequently  used  for  hammer 
forging.  Another  technique  c  \sists  o^'  dipping  aluminum  forging  blanks  in  caustic 
(10%  NaOH)  to  produce  a  porous  conversion  coating  on  the  surface.  The  forgings  are 
then  dipped  in  a  colloidal  graphite  dispersion  and  dried  prior  to  forging.  This  technique 
eliminates  many  of  the  seiaing  and  galling  problems  but  adds  the  problem  of  corrosion 
if  the  forgings  are  not  cleaned  soon  after  forging. 


Residual  Stress.  A  significant  problem  with  beat-treatable  aluminum  forgings  is 
associated  with  the  residual  stresses  impo-^ed  by  quenching,  and  sometimes  by 
straightening  just  after  quenching.  The  agi..g  temperatures  are  usually  too  luw  to 
adequately  remove  the  residual  stresses  which,  in  some  cases,  exceed  30,000  psi. 
Residual  stresses  often  cause  warpage  during  machining  and  promote  stress  corrosion. 
Partially  successful  approaches  to  these  problems  include:  (1)  quenching  into  boiling 
water  to  minimize  residual  stresses,  (2)  cold  coining  or  penning  to  .owur  the  residual 
stresses,  and  (3)  reverse  quenching  or  cooling  solution-heat-treated  torgings  slowly  to 
extremely  low  temperatures  after  quenching,  then  roheatinij  them  rapidly  by  »tc;  -.i,  hot 
water,  hot  dies,  etc.  The  theory  behind  thes'-  methods  is  that  residu'  .  .jsn  be 

minimized  by  imposing  stress-^s  essentially  equal  but  opposite  to  the  original  quenching 
stresses. 


Blialnr a.  Aluminum  alloys  are,  at  times,  subject  to  the  formation  of  blisters  or 
voids  near  the  forging  surface.  These  defects  are  usually  observed  uf’er  irlution  heat 
treatment.  There  are  at  least  three  different  types  of  blisters  found  >.<n  forged  aluminum. 
When  the  blisters  are  opened  with  a  pointed  tool,  the  insitie  surfaces  appear  either  gray, 
dark  brown  or  black,  or  white.  These  colors  generally  identify  blisters  caused,  re¬ 
spectively,  by  (1)  incipient  melting,  (2)  improper  lubrication,  or  (3)  dissolved  gasses. 
The  first  type  are  observed  where  solution  heat  treating  temperatures  are  too  high.  The 
second  type  of  blisters  form  when  inadequate  lubrication  causes  the  surface  metal  to 
seiae  and  shear  away  from  the  subsurface  metal.  Lubricants  trapped  below  the  surface 
volatilize  during  heat  treatment,  causing  the  blisters  These  blisters  are  most  fre¬ 
quently  found  on  edges  of  blades  and  portions  of  other  forgings  characterized  bv  rapid 
metal  flow. 

The  third  type  of  blister  is  not  fully  understood.  The  most  popular  theory  holds 
that  atomic  hydrogen,  auco.rulated  during  melting,  fabricating,  and  heat  treating,  con¬ 
centrates  in  lattice  imperfections,  and  then  changes  to  the  less'soluble  molecular  form. 
Further  it  is  believed  that  the  blisters  form  when  the  trapped  gas  expands  during  the 
solution-annealing  cycle.  Whatever  i  true  origin  for  the  gas-type  blisters,  they  can 
be  prevented  by  applying  commercial,  water-soluble  corrosion  inhibitors  to  the  forgings 
before  heat  treatment. 


COMMENTARY  ON  FORGING  DESIGN 


In  principle,  aluminum  alloys  can  be  forged  to  any  shape  consistent  with  limits 
set  by  die  design.  In  the  last  decade,  for  example,  forging  companies  developed  a 
no-draft  precision  forging  that  requires  little  or  no  preassembly  machining.  The  tooling 
costs  for  such  forgings  are  considerably  higher  than  those  for  more  conventional  de¬ 
signs.  For  this  reason,  precision  forgings  are  specified  only  where  the  tooling  costs 
can  be  amortized  over  large  prodr-.tion  qu''ntities.  An  often  quoted  guide  is  that  h 
production  order  should  be  in  the  neighborhood  of  500  forgings  for  precision  forging  to 
be  economical.  This  figure  will  vary  depending  on  the  balance  between  final  machining- 
cost  reductions  and  tooling-cost  increases.  Most  forging  companies  will  provide  esti¬ 
mates  for  both  conventional  and  precision  designs  so  that  a  direct  cost  comparison  can 
be  made.  A  typical  no-draft  precision  forging  of  aluminum  is  shown  in  Figure  7-9. 


Forging  Size  and  Shape.  The  Air  Force'*  heavy-press  program  has  mad<>  possible 
the  closed-die  forging  of  aluminum-alloy  parts  'p  to  20  feet  in  length.  Vertical  r^'us  on 
the  order  of  1/8  inch  thick  with  zero  draft  have  been  forged  successfully  on  aluminum 
parts  weighing  over  50  pounds.  These  same  parts  have  thin  webs  ranging  from  3/16  to 
1/4  inch  thick.  Maximum  limits  on  forging  size  dapand  a  great  deal  on  the  precisAcn 
requirements  and  final  techniques,  but,  as  a  general  rule,  the  maximur  lorgmg  S3.ee 
(plan  area)  is  in  the  neighborhood  of  3500  square  inches  for  aluminum  die  fergingn. 


Excess  Stock  Allowances.  Since  aluminum  alleys  are  net  sensiti\e  to  .scale 
formation  or  c  uitainination,  excess  stock  allowances  are  necessai  /  only  ;.u  obtain 
dimensional  i'.ccura''.y  and  ^  uvide  for  localized  deviations.  Precision  forgings  are  often 
forged  to  final  size  and  require  no  excess  stock  alloNvances. 


FIGUkE  7.9.  A  TYPICAL  NO  DRA>'  T  PRECISION 
FORGING  OF  ALUMINUM  ALLOY 


Court«ty  of  Wymon*Gordon  Cempohy 


Metallurgical  Factora  In  Deaign.  Since  some  of  the  alloys  (notably  606^  and  Z014) 
are  subject  to  excessive  grain  groufth^  the  problems  of  grain-siae  control  require  oare^ 
fully  balanced  reductions,  forging  temperatures,  and  die  temperatures.  Frequently, 
close-tolerance  forgings  receive  only  small  ruductions  during  the  final  stages  of  forging 
at  comparatively  low  temperatures  and  are  likely  to  exhibit  abnovmal  grain  growth  upon 
subsequent  solution  heat  treatment.  This  is  rarely  a  problem  with  forgings  more  con¬ 
ventional  in  design. 
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MAGNESIUM  FORGING  ALLOYS 


Cry ftol  line  Structure: 

Close'packed  liexogenol 

Phaia  Changoa: 

None 

Nttfflbar  of  Phaaat; 

Generally  one  phoae  at  forging  temperaturea 

LIquIdua  Tamparoiura  Rasgs: 

1130  to  1200  F 

Solldua  Tanparatura  Ranga; 

914  to  ’  198  F 

Raoctlaat  Whan  Haeiad  le  AIr 

Slew  oxidation;  pyrophoric  when  heated 

obo>m  900  F 

ALLOYS  AND  FORMS  AVAILABLE; 


Table  8-1  gives  the  composition  of  magnesiuni  alloys  frequently  used  for  die 
forgings.  Included  are  data  useful  for  predicting  forging  behaviors. 


TABLE  8-1.  COMPOSITIONS  AND  PORDING  CHARACTERBTtCS  OF  SEVERAL  MAGNESIUM  ALLOYS(^>*' 


Alloy  Detignttion 

A231 

.  ’.81 

.\;:80 

ZK60 

HM21 

HM31 

ItK3l 

Forging  Specification! 

52S 

AMS  43S3 
87S 

AMS  4360 
AMS  4382 
68-S 

AMS  4382 

•• 

AMS  4386 

•• 

Nominal  Ccmpositlon, 

3.  OAl 

S.5AI 

8.GA1 

6.  EZr 

2.0Th 

S.OTh 

S.OTh 

1.  OZn 

l.OZn 

O.SZn 

0.EZn 

0,  5Mn 

1.2Mn 

0.  IZn 

SoUdui,  F 

1120 

917 

915 

970(») 

1120 

1120 

1100 

necryitalllzatlon  Temp,  F 

400 

500 

dOO 

600 

— 

- 

Forging-Temp  Range,  F 

6'u0-800 

600-6Q0 

550-775 

600-760 

750-1060 

7o0«iQ50 

fi0v-l05U 

Normal  Forging  Temp,  Ff’’! 

Prenes 

7ft0 

750 

750 

6'S 

96C 

950 

900 

Hammeir 

" 

-- 

— 

— 

90«j 

- 

Relati’'e  Forgeability 

Pressei 

Good 

Good 

Good 

Excellsni 

Good 

r .  --cd 

Hammers 

Poor 

Poor 

Poor 

Poor 

Fair 

Fair 

Fair 

(1)  At-catt  ZK60  may.  .*t  tiniea,  coiv.ala  tracei  of  eutectic  compoiLlon  that  Uquatei  at  846  F  caudng  poor  forgeability  4t 
hlghei  tempet«tiirc<i. 

(b)  For  alloys  seniiiivi.  t«i  rapid  grain  groTvtn  at  forging  tempciaturet.  it  Is  common  practice  to  conduct  each  forging  step  at 
succe!iivel)\5wcr  i*"  ‘i^rntures. 


ELONGATION,  PER  CENT  g  TENSILE  STRENGTH.  1000  PSI 


8-1.  ELEVATED-TEMPERATURE  TENSILE  STRENGTHS  FOR 
SEVERAL  MAGNESIUM  ALLOYSO'^' 


Tlm9«  !ndlcot«^  of  toto'  tiir.A  ot  ttmptroturt  t*sttn9. 
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Xngcts  are  generally  converted  to  large  biiiete  by  extrusion.  Smaller  bars  are 
hot  rolled  from  the  extruded  billets.  Continuously  cast  ingots  are  sometimes  forged 
directly. 


FORGING  BEHAVIOR 

Figures  8-1  and  8-2  give  tensile  atrangth  and  elongation  value s>  respectively,  for 
several  magnesium  fox  g?ng  a"  /s  at  elevated  temperatures.  The  alloys  containing 
thori-.m  retain  .irengtha  at  hit,  er  terr.peraturos  than  uo  the  alloys  containing  alumi¬ 
num,  *.inc,  and  /'  c  .niom  and  thus  require  higher  forging  pressures.  The  significant 
char.  ,  .1  eiong  lion  with  temperature  are  useful  for  indicating  forging-temperature 

laes.  The  AZ80  alloy,  for  example,  should  be  forged  above  500  F  where  elongation 
lu  high.  The  HM21  alloy  should  be  fe  rged  above  SCO  F  where  a  substantial  increase  in 
elongation  occurs.  These  temperatures  correspond  approximately  with  minimum  tem¬ 
peratures  established  in  forging  practice. 

Elongation  data  for  the  AZ80  alloy  show  how  extended  time  at  temperatures  above 
500  F  decreases  ductility  because  of  grain  growth.  ZKbO,  on  the  other  hand,  is  far  less 
sensitive  to  grain  growth.  In  practice,  the  greatest  problem  of  grain  growth  during 
heating  for  forging  is  found  with  the  AZdO  alloy. 

Forging  pressure  daU,  determined  by  upsetting  billets  between  flat  dies,  are 
presented  in  Figure  8-3  for  three  magnesium  alloys  at  normal  temperatures.  At  nor¬ 
mal  pressing  speeds,  the  forging  pressure  increases  at  first  and  then  drops  slightly, 
probably  because  the  temperature  increases  during  forging.  The  curves  for  AZ31  show 
that  the  effect  of  strain  rate  on  forging  pressure  varies  with  reduction.  It  is  interesting 
that  the  forging  pressures  for  each  of  these  alloys  Is  about  3  to  4  times  greater  than  the 
values  for  tensile  strength  given  in  Figure  8-1. 


0  20  40  oc 

OPSer  REDUCTION.  * 


AUD  ALLOY  (() 
X>ln»edlMi  X  5>in*  kilUfx 
Strain  rote  •  0«11/ooc. 


AZ41  ALLOY  (S) 

3.5*lnf  diom*  x  5sln»  bllloti 
Strain  roto  -  (k11/aac» 


ALLOY  (7) 

LS'ln*  dlam  x  2*37S»ln*  bllU»' 
Strain  rotas  - 
»  ■—  0.07/sac> 

---  0.7/iac. 


FIGURE  $-3.  FORONC-PRESSURE  CURVES  FOK  MAGNESIUM 

A(  LPYS  UPSfT  BETWtEN  FLAT  BIE$'®''> 
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Forging  pressures  Tor  die  forgings  containing  'hin  weos  (0.  20-0.  2i2-inch  thick) 
are  on  the  order  of  60,000  psi  for  parts  made  from  the  HM21  alloy  at  850  This 

represents  about  6  times  the  flow  stress  of  the  alloy  at  that  ten^perature.  In  other 
words,  forging  pressures  for  die  forgings  may  in  many  cases  c'^nsiderably  exceed  the 
values  indicated  by  the  tensile  strengtn  given  in  Figure  8-1. 


Forgeability  of  magnasium  alloys  is  influenced  bv  three  important  factors: 
solidus  temperature,  deformation  i  .te,  and  grain  size.  Like  alu.'ninum  alloys,  mag¬ 
nesium  alloys  are  forged  at  temperatures  that  are  often  within  100  F  of  the  solidus 
temperature.  The  high-zinc  magnesium  alloy  (ZK60),  sometimes  will  contain  svfnall 
amounts  of  the  low-melting  eutectic  that  forms  during  ingot  solidification.  This 
eutectic  melts  upon  heating  to  temperatures  jusi  over  600  F  and  can  cause  severe  rup¬ 
turing  when  the  alloy  is  forged  above  this  temperature.  To  minimize  thus  problem, 
mill  suppliers  generally  homogenize  cast  ingots  at  elevated  temperatures  for  extended 
periods  to  redissolve  the  eutectic  and  to  restore  the  higher  solidus  temperature.  The 
commercial  alloys  containing  aluminum,  ziiconium,  and  thorium  do  not  form  low- 
melting  eutectics  and,  therefore,  are  not  subject  to  hot  shortness  at  such  low 
temperatures. 

Wrought  magnesium  alloys  exhibit  excellent  forgeability  in  slow-moving  hydrc^ulic 
presses  but  often  crack  when  forged  in  drop  hammers.  Even  in  presses,  the  fastei'- 
moving  flash  metal  is  sensitive  to  cracking.  Billets  containing  coarse  grains  are  par¬ 
ticularly  sensitive  to  cracking  during  rapid  deformation.  For  this  reason,  coarse¬ 
grained  ingots  are  generally  extruded  before  forging. 


INFLUENCE  OF  FORGING  VARIABLES  ON  MECHANICAL  PROPERTIES 


The  room-temperature  mechanical  properties  of  magnesium  alloy  forgings, 
especially  ductility,  are  strongly  dependent  on  forging  procedures.  In  general,  both 
longitudinal  and  transverse  ductility  improve  with  decreasing  grain  size  anc  with  in¬ 
creasing  amounts  of  work,  the  following  data  show  how  longitudinal  and  transverse 
elongations  are  affected  by  grain  size  in  typical  AZ80  alloy  forgings 

Elongation,  % _ 

Grain  Size  Longitudinal  Transverse 

Coarse  ASTM  0-1  3-4  1-2 

Fine  ASTM  5-7  9-12  5-7 

While  the  basic  strength  properties  of  magnesium  alloys  are  determined  by  alloy  co-  " 
position,  forging  plays  an  important  role  in  establishing  property  uniformity  and  max¬ 
imum  ductility. 

An  important  objective  during  forging  of  magnesixim  alloys  is  to  refine  the  grain 
size.  This  is  done  through  careful  control  of  both  forging  temperatures  an.'  forging 
reductions.  It  is  commo:i  foTijing  practice  to  forge  magnesium  alloys  at  suc.':»*  .lively 
lower  temperatures  for  each  forging  operation.  This  procedure  ret;.  rd8  grain  growth 
daring  forging  and  promotes  maximum  grain  reiincmant.  Rnsenkr.'v.  z'.^)  studied  the 
influenca  of  forging  temperatures  and  forging  reductions  on  the  grain  size  of  MgA19 
(German  equivalent  to  AZ80)  after  single  roductions  and  after  multiple-step  reduc¬ 
tions.  As  £.':'pected,  grain  size  decreased  with  increasing  reductions  and  with 


decreasiiig  fosrging  temperatuies  when  forged  !  ’  a  single  pressing.  Other  speciineTis 
were  givea  three  3nd  four  successive  reductions  under  following  conditions; 


(1)  At  constant  temperatures 

(2)  At  progressively  lower  temperatures  (SO  F  per  step  from  700  F) 

(3)  At  progressively  higher  tempei  utures  (SO  F  per  step  from  SS'J  F). 

The  finest  grains  (2-5  mm  dia.  )  were  obtained  v/hen  iorging  was  done  at  pirogressively 
lower  temperatures  except  when  redactions  were  lest  than  10  per  cent.  For  reduc¬ 
tions  less  than  20  per  cent  the  finest  grains  (2-4  mm  dia.  1  'were  obtained  bj'  forging  in 
mnltiple  steps  at  550  F.  The  grain  siic  of  specimens  given  multiple  reductions,  at  the 
same  temperature,  increased  with  forging  temper at'ure  as  follows; 


Temperature,  F 


Crain  Diameter  After  2-3 
Successive  Keduclions,  mm 


550  2-4 

590  ^-6 

640  6-9 

700  14-19 

Forgii^  srith  progressively  increasing  temperatures  led  to  variable  (ram  sixes  ranging 
from  12  to  24  mm  in  diameter.  Thus,  large  differences  in  grain  sixe  can  result  from 
comparatively  small  changes  in  forging  temperature  and  redaction  schedules.  Hence, 
tbs  control  of  these  factors  is  very  important  to  achieving-satisfactory  mechanical 
propertiea.  The  same  princ^iles  mpplf  to  many  other  alloys. 

It  is  also  important  to  provide  as  much  £Ltw  in  fhe  transverse  direction  as  possi¬ 
ble  duriiv  forging.  TUs  is  necessary  because  -srroughl:  magaesium-alloy  bars  erhibit 
Ingbly  direcbLosal  ductility.  By  providing  transverse  m^al  flow,  the  transverse  duc¬ 
tility  is  improved  timi  longitodmal  ductility  is  kept  high-  The  following  transverse- 
elongatiaa  values  are  typical  of  the  AZ80  alloy: 


Condition 


tioa,  % 


Transveri 


Alloy  bar 

Forging  receiving  small 
transverse  metal  flow 
(about  15  per  cent 
reduction} 


Forging  receiving  severe 
transverse  metal  flow 
(about  60  per  e'en' 
reducti'3n} 


lt-13 


IdechaKicru  properti^  ~  three  different  alloys  deterr^iined  on  parts  forged  to  the 
same  configiuatio  ’'^  are  preiiented  in  'fable  8-2.  These  data  demonstrate  how  variatians 
in  mechanical  pio^'>erttes  are  influenced  by  grain-flow  orientation  end  the  relative 
STuoout  of  defomi^'tioB  imparted  during  forging.  These  'variatioas  are  quite  similar 
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for  each  of  the  alloys.  In  all  cases,  the  sections  combiniiig  the  greatest  reductions 
with  longitudinal  grain  flow  exhibited  the  highest  strength  values.  (9)  Similar  conclu  ¬ 
sions  were  drawn  from  forgings  produced  from  the  HM21  and  HK31  alloys. 


TABL.^  3-2.  typical  MECHANICAL  PaDPERllES  OF  C0MM'!KC;IAL  MAGNESIUM -AI.LOY  AIRCRAFT  FORGINGS 


Alloy 

Grain-Flow 

Otlentatlonf*! 

Test 

Location 

Relative 
Amount  of 
Deformation^**^ 

Yield  Strength 
(0,21t.Offset), 
1000  psl 

Ultimate  Terclle 
Strength. 

1000  psl 

Elongation, 
per  cent 

ZK21 

h>ng. 

Rim  Tang. 

Moderate 

25.6 

38.7 

25.5 

(as  forged) 

Long, 

Radial 

25.  9 

38.9 

17.8 

Long. 

Radial 

Large 

27.6 

40.0 

20.2 

Long. 

Rim  Vertical 

Moderate 

19.0 

32. 1 

20.2 

Long. 

Center  Vertical 

'Light 

U.  6 

33.9 

20.4 

Traill. 

Centei  Tang. 

Moderate 

22.  7 

37.3 

20.0 

AZ61 

Long, 

Rim  Tang. 

Moderate 

26.5 

41.2 

20.0 

(as  foraed) 

Long. 

Radial 

Urge 

26.4 

40.4 

16.2 

Long. 

Radial 

Urge 

24.6 

40,3 

17.4 

Long. 

Rim  Vertical 

Moderate 

17.1 

37.6 

14.0 

Long. 

Center  Vertical 

Light 

13.8 

38.2 

18.6 

Trans. 

Center  Tang. 

Moderate 

23.0 

39. 4 

17.7 

AZ31 

Long. 

Kim  Tang. 

Moderate 

26.9 

39.3 

18.0 

(as  forged) 

Long. 

Radial 

Large 

21.1 

37.8 

18.0 

Long. 

Radial 

Urge 

24.5 

38.2 

18.6 

Long. 

Rim  Vertical 

Moderate 

17.1 

38.2 

11.6 

Long. 

Center  Vertical 

Light 

14.8 

36.9 

18.0 

Trans. 

Center  Tang. 

Moderate 

23.7 

38.1 

18.0 

Dita  courteiy  of  Wymao-Goidon  Company. 

(a)  Long,  and  Trani. .  'eipectively.  denote  longitudinal  or  trantve'<«  grain  flow  in  teit  ban. 

(b)  In  thli  forging,  metai  flows  in  three  directions,  hence,  values  for  deformation  are  comparative  only. 


COMMENTARY  ON  FORGING  PRACTICES 


Procedures  for  forging  magnesium  alloys  are  similar  in  many  respects  to  those 
used  for  aluminum.  Presses  are  favored  for  forging,  and  die-temt-i*r*.ture  control  is 
most  important.  If  die  temperatures  are  much  below  forging  temperatures,  surface 
cracking  is  a  potential  problem.  When  die  temperatures  exceed  forging  temperatures 
the  metal  flows  past  impressions  and  pr smote s  underfilling. 

Alloys  requiring  forging  temperatures  above  900  F  must  be  heated  in  inert  or 
reducing  atmospheres  to  prevent  burning.  Sulfu.-  dioxide  gas  is  frequently  Ubod  for  this 
purpose. 


Lubrication.  The  most  popular  die  lubricants  for  magnesium  ,.  ve  3;^r..p  tuack, 
applied  directly  by  an  oil  or  kerosene  torch,  and  colloidal  graphite  'water  base},  Ligh* 
oil  su.snt.nsions  of  graphite  are  frequently  applied  directly  to  critical  projoctioi-.s  on 
forging  u  to  reduce  fxi.tion  in  the  die  cavity  .  Care  is  taken  to  avoid  application  of  such 
lubricants  to  the  flash  region  where  friction  is  necessary.  Fluid  lubricants,  tt.g  , 
greases,  oils,  etc. ,  are  seldom  used  because  they  promote  rupturing. 


16i 

Die  Heating.  As  a  general  rule,  die  temperatures  are  maintained  at  tempera¬ 
tures  corresponding  approximately  with  forging  temperatures.  To  niaintain  close  con¬ 
trol  of  die  temperatures,  thermostatically  controlled  gas-burner  rinss  are  generally 
used.  As  a  saiety  measure,  shields  are  often  used  tc  xe^p  the  flame  away  1  om  the 
impression.  Fire  is  a  particular  hazard  when  forging  the  thorium-contaiiring  alloys  at 
temperatures  near  9Q0  F. 


Grain-Size  Control.  Alloys  subject  to  rapid  grain  growth  a*  forging  tempera¬ 
tures  (AZ31,  AZbl,  AZ80)  are  generally  forged  at  successiv'ly  lower  temperatures 
for  each  operation.  Common  practice  ie  to  .  u  inu  temperature  about  25  to  30  F 
after  each  step.  It  is  sometimes  a  preferr-'.d  practice  fir  p.arts  containing  regions  that 
receive  only  small  reductions  to  conduct  all  forging  steps  at  the  lowest  practical  tem¬ 
peratures  (s.  g.  ,  626  F  for  .Az6l  and  600  F  for  AZ80).  Grain  growth  in  such  alloys  as 
ZKoO,  HK31,  and  HM21  is  slow  at  forging  temperatures,  and  these  alloys  may  be 
forged  in  multiple  operations  at  constant  temperatures  without  risking  extensive  grain 
growth. 


Trimming.  Because  magnesium  alloys  are  comparetively  brittle  during  cold 
trimming,  flash  Is  generally  removed  from  forgings  by  band  sawing.  Magnesium 
forgings  may  be  warm  trimmed  at  temperatures  corresponding  to  minimum  forging 
temperatures.  This  may  lead  to  other  problems  of  bending  and  warping.  For  these 
reasons  warm  trimming  is  generally  confined  to  forgings  with  comp.aratively  heavy 
sections  in  the  flash-line  regions. 


COMMENTARY  ON  FORGING  DESIGN 


The  design  of  magnesium-alloy  forgings  is  similar  in  many  respects  to  that  for 
aluminum.  Magnesium  does  not  ..low  as  readily  into  deep  vertical  cavities.  Greater 
fillet  radii  are  generally  provided  and  flash  openings  are  usually  narrower.  For  these 
reasons,  the  more  complex  magnesium  forgings  often  require  an  additional  prelim¬ 
inary  die.  For  example,  if  two  dies  are  needed  for  a  typical  aluminum  structural 
forging,  a  comparable  magnesium  forging  will  reqtiire  three  dies  for  successful 
forging. 

In  principle,  the  limitations  on  sizes  of  magnesium-alloy  forgings  are  essentially 
the  same  as  those  for  aluminum  alloys.  However,  because  of  little  demand  fo^  ex¬ 
tremely  large  forgings  there  has  not  been  muen  incentive  to  increase  the  size  pota^.tlal 
beyond  about  2000  sq.  in.  of  plan  area.  The  largest  magnesium  forging  mentioned  in 
a  recent  survey  was  a  229 -pound  hemispherical  forging  used  as  a  canister  for  the 
ECHO  satellite  program.  Thin  ribs  and  webs,  on  the  order  of  1/8  inch  thick,  have 
been  forged  from  magnesium  alloys.  Tolerances  of  M.  OIC  inch  have  oeen  held  suc¬ 
cessfully  on  small  parts. 

A  typical  close-tolerance,  magnesium-alloy  forging,  illustrating  t  .. v.n(i 

shape  capability,  is  shown  in  Figure  8-4.  This  par.  was  made  by  conventional  tech¬ 
niques  in  a  hydraulic  pre*'-  Figure  8-5  shows  a  no-draft  fan-blade  forging.  This  part 
was  extrusion  foi'ged  in  a  Hydraulic  press  equiiped  with  concentric  rams.  The  opera¬ 
tions  combined  both  hot -die  end  epUt-die  forging  techniques. 


FIGURE  8-4.  TYPICAL  CLOSE-TOLERANCE 

MAGNESIUM-ALLOY  DIE  FORGING 

Courtesy  of  Wymon-Gordon  Compony 
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PRODUCED  BY  EXTRUSION  FORCING 
IN  PRESS  EQUIPPED  WITH  CON¬ 
CENTRIC  RAMS 
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CHAPTEh  9 

CARBON  AND  LOW-ALLOV  STEELS 


CryttallliM  Structur*: 

Phot*  Changai; 

Nufflbar  of  Photoo: 

Ll«iul4ui  Tomporotur*  ^•.ngo; 
Solidus  Tomporoturo  Rongo: 
Roootlons  Whon  Hoolod  In  Airt 


Austonito  -  faco-contnrod  cubic 
Forrilo  -  body-contorod  cubic 

Austonito  tronforms  to  foitito  plus  corbido  ovor 
o  tango  of  toniperaturt.s  bolow  1500  F 

One  phase  (oustonito)  ot  forging  tomporoturos 

2650  to  2750  F 

2450  to  2700  F 

Oxidation,  rapid  above  1400  F;  docorburi lotion 


ALLOYS  AND  FORMS  AVAILABLE 


There  are  hundreds  of  steels  that  range  in  composition  from  about  0. 10  to  1.0  per 
cent  carbon  and  from  trace  amounts  to  about  5  per  cent  each  of  several  metallic  alloy¬ 
ing  elements  (e.  g. ,  Cr,  Mo,  V,  Ni>  etc.).  The  carbon  content  controls  the  hardness 
and  strength  levels  obtainable,  while  the  alloying  serves  the  purposes  of  increasing 
hardenability  and  hot  strength,  improving  resistance  to  thermal  and  mechanical  shock, 
providing  grain  refinement,  and  f''nprovin3  machinability.  The  steels  in  this  group 
range  from  standard  carbon  and  low-alloy  steels  to  specially  alloyed,  superstrength 
steels  like  300M,  D6AC,  and  H-11.  At  their  respective  forging  temperatures,  all  of 
these  alloys  exhibit  the  same  basic  forging  behavior. 

Raw  material  used  for  forging  is  generally  bar  hot  rolled  from  ingots  melted  in 
open-hearth,  electric-arc,  or  vacuum  furnaces.  Thus,  billet  material  has  usually  re¬ 
ceived  considerable  reduction  before  the  die-fcrging  operations.  For  grades, 

vacuum  melting  imparts  better  forgeability  tlipn  does  conventional  arc  melting-  How¬ 
ever,  the  major  purpose  of  vacuum  melting  is  ‘he  improvement  of  mechanical  proper¬ 
ties,  not  forging  behavior. 


FORGING  BEHAVIOR 


Forgeability 

The  ext  ,n!.  to  which  carbon  and  low-alloy  steels  car.  be  forgt-d  into  niricate 
shapes  is  seldom  limited  o;,  forgeability  problems,  except  when  the  grades  contain 
sulfides,  bismuti',  or  other  intentional  additions  for  other  purposes  (e.g. ,  free  machin¬ 
ing).  Probabl>  the  most  important  factor  limiting  the  section  thickness,  shape 


complexity,  and  forcing  size  is  the  ■.  coUng  that  occurs  wh-n  the  heated  work-piece 
comes  in  contact  with  colder  dies.  Thiu  is  nssontially  the  reason  tliat  more  iatricata 
shapes  can  be  forged, in  hammers  than  in  preesea,  under  other  wise  similar  conditions 
of  stock  and  die  temperatures. 

Ihrig(0  and  Clark  and  Russ(^)  studied  the  relative  for.geability  of  numerous  steels 
using  hot-twist  tests.  Twist  data  obtained  on  carbon  and  low-alloy  steels  (Figure  9-1) 
generally  show  that  forgeability  ii'''reases  with  increasing  temperature  until  the  melting 
point  of  the  steels  is  approached,  and  that  maximum  forging  temperature  decreases 
with  increasing  carbon  content.  Figure  9-1  shows  a  comparison  of  twist  data  for  plain 
carbon  steel  and  several  low-alloy  steels  of  the  same  carbon  content  with  twist  data 
for  a  leaded  steel.  Tne  deleterious  effect  of  It-d  additions  on  twist  ductility  and,  thus, 
forgeability  is  quite  apparent. 

The  influence  of  several  individual  alloying  elements  on  the  forgeability  ol  steels 
is  shown  by  the  hot-twist  data  in  Figures  9*2  through  9-5.  In  addition  to  lead,  tin  and 
sulfur  in  small  ainoi.c^s  lave  adverse  effects  on  forgeability.  Sulfur  is  especially 
harmful  in  steels  lean  in  manganese.  Chromium  and  molybdenum  additions  also  reduce 
forgeability.  Small  additions  of  nickel  and  manganese  improve  forgeability,  while  the 
reverse  is  true  for  additions  beyond  certain  limits. 

In  general,  the  forgeability  of  steels  improves  with  increasing  deformation  rate. 
Anderson(^)  has  shown  this  effect  in  twist  tests  where  the  number  of  twists  to  failure 
for  low"  arbon  steel  increased  with  increasing  twisting  rate  (Figure  9-6).  It  is  be¬ 
lieved  that  the  improvement  in  workability  is  due  primarily  to  heating  effects  that  occur 
with  the  increasing  defoimation  rates. 


Flow  Stress  and  Forging  Pressure 

Comparative  flow  stresses  and  forging  pressures  for  many  carbon  and  low-alloy 
steels  are  obtainable  from  hot-twist  tests  and  elevated-temperature  tensile  and  com¬ 
pression  tests.  Figure  9-7  Ttives  to.'que  versus  temperature  curves  for  se>  eral 
and  low-ailoy  steels  which  demonstrate  that  the  relative  forging-pressure  requirements 
for  the  various  alloys  in  this  group  do  not  differ  widely  at  normal  forging  temperatures 
around  2200  F.  A  torque  curve  for  Type  304  stainless  steel  is  Included  to  show  how 
higher  alloy  contents  increase  flow  strengths. 

Actual  forging-pressure  measurenoents  on  AISl  1020  and  4340  steels  and  a 
Type  A6  medium -alloy  tool  steel  for  upsetting  reductions  oi  lu  and  ju  per  cent  over  a 
range  of  temperatures  are  given  in  Figure  9-8.  These  data  show  that  the  ..ressures 
required  fo”  forging  1020  and  4340  under  *><•  same  set  of  conditions  vary  only  <»lightl  /, 
as  predicted  from  the  torque  curves.  The  more  highly  alloyed  A6  tool  steel,  on  the 
other  hand,  requires  considerably  greater  forging  pressures.  In  addition,  this  alloy 
exhibits  a  more  significant  increase  in  forging  pressure  with  increasing  reduellon. 

Forging  pressures  for  a  given  steel  increase  with  increasing  Jeformation  rates. 
Upset  forging  studies  on  low-carbon  steel  by  Alder  and  Ph:U:!0^(5)  showed  'hs  in¬ 
fluence  of  strain  rate  was  more  pronounced  at  higher  forging  temper.-rur?  T'..!Se 
eflects  are  shov  ,i  graphically  in  Figure  9~9  which  gives  the  stress -.strain  curves  '.'or 
low-carl  on  steel  upset  at  various  temperatures  ove;  a  6-folci  range  of  strain  rales. 


NUMBER  OF  VWISTS  TO  FAILURE  NUMBER  OF  TWISfS  TO  FAILURE  NUMBER  OF  -rwiSTS  TO  F.Ml.URE 
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FIGURE  ».l.  RELATIVE  FORCEAbSL! T!'.>4  OF  STEELS  AS  DEMOHSTRATEO  RY  HOT-T-iST  TCSTS 
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PtOURE  9.2.  INFLUENCE  OF  TIN  ON  FORGBAEILITY  OF  CARRCN  STEELI 

A(*«r  llirl|*'> 


iNFLUEMCeS  OF  LEAD  AND  SULFUR  ON  rORCEABILiTY  OF  CARBON  STEELS 

Alt»r  Ihfi.'^^  an.  An.«r<an,  at 


FICCRC  94. 


tNCREAl'^HG  FORGCABItITT 


164 


FIGURE  9.4. 

INFLUENCE  OF  MANGANESE 
ON  FORGEABILITY  OF 
1020  STEEL  CONTAINING 
NOMINALLY  0.025  SULFUR 

A(t*r  Ihrig’'* 


FIGURE  9-5 

INFLUENCE  OF  NICKEL, 
CHROMIUM,  AND  MOLYBDENUM 
ON  FORGEABILITY  OF  STEELS 
CONTAINING  NOMINALLY 
0.1$  CARBON 
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FIGURE  9-6. 

INFLUENCE  OF  DEFORMATION 
RATE  ON  HOT.TWIST 
CHARACTERISTICS  OF  LOW 
CARBON  STEELS  .AT  2000  T 

Afitr  Andarton,  *1  al.^^^ 
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FIGURE  9-7.  TORQUS  CURVES  FOR  SEVERAL  CARBON  AND  LOW-ALLOY  STEELS 
SHOWING  HOW  RELATIVE  FORCINC-PRESSUnE  REQUIREMENTS  VARY 
WITH  TEMPERATURE 

After  Clerk  end  Ruee^^^ 


FIGURE  9-8.  rOPCIMC  PRESSURE  FOk  THREE  STEELS  UPSET  AT 
VARIOUS  TEMPERATURES  AND  ai:DUCt(ONJ<^> 


FORGING  PRESSURE.  1000  PSI  =  FORGING  PRESSURE.  1000  PSI 
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9.9.  PORGiilG  PRESSURE  FOR  MILD  STEEL  UPSET  AT  VARIOUS 
TEMPERATURES  AND  TWO  STRAIN  RATES 

Altar  AlJar  and  Phllll|>a^^^ 


FIGURE  9-10.  FORGING  PRESSURE  FOR  AISI  43dC  UPSE'*'  AY  VARIOUS 
TEMPtRA-LRES  AddD  TWO  STRAIN  RATES^' 


Similar  strain  rate  ef£..  v.ts  occur  with  the  low-alloy  steels.  Figure  9-10  sue  vs 
the  relative  forging  pressures  for  AISI  '^40  steel  at  several  ternperaturea  over  a 
10-fold  range  of  strain  rates,  aa  determined  in  upsetting  studies  on  a  hydraulic  press 
at  Battelle(4).  The  effect  of  strai*'  rate  is  more  evident  when  tliis  daia  is  compared 
with  upsetting  at  hammer  velocities.  ICnergy  n:ea  “iirements  for  upsetting  AISI  4340 
steel  at  i.300  F  in  a  hydraulic  press  and  a  Dyr.apak,  tabulated  in  Table  9-1,  show  that 
the  specific  energy  of  forging  more  than  doubles  over  a  100-fold  increase  in  strain 
rate  and  triples  over  a  1000-fold  increase  ia  rate. 

TABLE  9-1.  INFLUENCE  OF  STRAIN  RATE  ON  ENERGY  REQUIRED 
FOR  FORGING  AISI  4340  AT  THREE  TEMPERATURESC^/ 

Samples  Z  in.  0x2  in.  long  upset  in  hydraulic  press  at 
ram  speeds  of  0.  14  and  1, 4  in.  /sec.  ,  and  in  a  I>/napak 
at  nominal  ram  velocities  between  160  and  230  in.  /  sec. 


Test 

Temperature, 

F 

Specific  Energy,  in-lb/cu  in.  ,  Required  to 
Accomplish  a  50  Per  Cent  Upset  Reduction 

Nominal  Strain  Rates . 

sec"^ 

0.07 

0,7 

85-100 

1800 

-- 

14,300 

28,600 

2000 

7,600 

9,700 

20,000 

2300 

o 

o 

6,200 

14,300 

Data  obtained  by  Tout  and  Banning(^)  showed  similar  trends  for  hot  twisting  a  0.20 
carbon  steel.  At  2200  F,  20  per  cent  greater  torque  was  required  for  twisting  bars 
when  the  twist  rate  was  increased  from  200  to  400  rpm. 


INFLUENCE  OF  FORGING  VARIABLES  ON  MECHANICAL  PROPERTIES 


The  hardness  and  strength  of  steels -are  controlled  by  composition  and  heat  treat¬ 
ment,  and  are  not  Influenced  significantly  by  forging.  However,  fov.  '  j  usually  affects 
other  important  mechanical  properties,  such  as  ductility,  impact  strength,  and  fatigue 
strength.  The  generally  held  reasons  for  these  improvements  are: 

(1)  Forging  breaks  up  segregation,  heals  porosity,  and  aide  homogenization. 

(2)  Forging  produces  a  fibrou.s  grain  structure  which  e.nhanc,'»  mechanical 
properties  parallel  to  the  grain  flow. 

(3)  Forging  reduces  ?s-cafit  grain  size. 

Figures  9-11  and  9-12  show  the  typical  improvement  in  ductility  and  ;r.ipact  strengths 
of  heat-^’i  e.^ted  steels  obtained  from  increasing  reductions.  These  data  show  that 
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FIGURE  9-11. 


EFFECT  OF  FORCING  RATIO 
ON  REDUCTION  OF  AREA  OF 
HEAT-TREATED  STEELS'''*'’' 


Forging  Rotio 
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FIGURE  9-12. 

EFFECT  OF  HOT-WORKING 
REDUCTION  ON  IMPACT 
STRENGTH  OF  HEAT- 
TREATED  NICKEL-CHROMIUM 
STEEL<'®> 

Fortins  Roflo  == 

Orlglnol  Cro«f>$octlonal  Aroo 
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maximum  improvement,  in  each  case,  occurs  in  the  direc.,ion  of  maxiiniuri  extension. 
After  a  certain  amount  of  hot  reduction  ou  these  steels,  the  tovighne.ss  and  ductility 
properties  reach  levels  beyond  which  further  hot  reduction  is  of  little  s-yriificani  vahis. 

Figure  9-13  shows  how  increasi.ng  the  forjlng  reduction  improves  ductility  by  re¬ 
ducing  both  porosity  and  the  size  of  inclusions  present  in  the  original  as-cast  ingot. 
Porosity  is  normally  eliminated  and  inclusion  size  is  markedly  reduced  h>  reductions 
of  about  50  per  cent.  Some  types  <  '  nonmetallic  inclusionii  continue  to  break  up  with  in¬ 
creasing  reduction.  Large  reductions  develop  a  highly  oriented,  fj.br ous  structure.  As 
a  result,  longitudinal  ductility  continues  to  improve.  Transverse  ductility  shows  little 
change  .after  porosity  is  healed  and  may  decrease  with  very  heavy  reductions. 

It  is  important  to  remember  that  die  forging t  are  made  from  wrought  billets  that 
have  received  considerable  prior  reduction  and,  therefore,  porosity  is  rarely  a  prob¬ 
lem.  It  's  also  important  to  recognize  that  metal  flows  in  a  number  of  directions  dur¬ 
ing  die  forging.  For  example,  the  metal  flo  v  is  virtually  all  in  the  transverse  direc¬ 
tion  when  die  forging  ?  rib-and-web  shape.  Such  flow  improves  transverse  ductility  at 
little  or  no  expense  of  longitudinal  ductility.  This  point  is  illustrated  by  the  diagram 
in  Figure  9-14.  Conceivably,  the  transverse  ducf.iUt.y  could  equal  or  surpass  longi¬ 
tudinal  ductility  if  forging  reductions  were  great  enough  and  the  metal  flow  was  princi¬ 
pally  in  the  transverse  direction. 

Similar  effects  are  obser^'cd  when  upsetting  wrought  billets.  In  this  case,  how¬ 
ever,  thii  original  longitudinal  axis  is  shortened  by  upsetting  and  the  lateral  displace¬ 
ment  of  metal  is  in  the  radial  direction.  When  upset  reductions  exceed  about  50  per 
cent,  the  ductility  in  the  ladial  direction  generally  surpasses  that  in  the  axial  direction 
?.8  shown  in  Figure  9-in. 

COMMENTARY  ON  FORGING  PRACTICES 


The  hundreds  of  alloy  impositions  in  the  carbon  and  low-alloy  steel  category 
exhibit  essentially  the  same  forging  behavior  with  the  possible  exception  of  the  free- 
machining  grades.  The  most  important  differences  are  found  in  forging-pressure  re¬ 
quirements.  Several  important  factors  in  processing  common  to  the  forging  oi  all 
these  steels  are  discussed  below. 


Lubrication.  A  wide  variety  of  lubricants  are  used  for  steel  forgings.  ..\mong 
the  most  popular  are  graphite  suspensiom.,  salts,  oils,  and  sawdust.  The  choice  of  a 
lubricant  depends  on  the  nature  of  the  die  k.^pression  and  the  desired  direction  of  flo\  . 
For  forging  in  dies  with  deep  recesses,  salts  and  sawdust  are  favored  bec.'iuse  they 
reduce  sticking  and  prevent  excessive  lateral  flow  in  the  flash  region.  Oil.s  .ind  graph¬ 
ite  suspensions  are  favored  for  shallow  improssic.is  where  considerable  lateral  flow 
is  required. 


Selection  of  Forging  Temperature.  The  selection  of  forging  ter  . pc rci.  ior 
caroon  and  low-alloy  steels  is  based  on  (1)  the  c  irbon  content,  (2)  thft  siloy  composi¬ 
tion,  (3)  r.ie  temperature  range  for  optimum  plasticity,  and  (4)  the  amount  of  reduction. 
Generally,  the  maxinn...ii  temperature  allow ibie  by  these  factors  is  selected  since  it 
.insures  lowest  possible  forging  pressures. 
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FIGURE  9- <3. 

IMPROVEMENT  IN  DUCTILITY  OF  STEELS 
BY  REDUCING  BOTH  POROSITY  AND  TKE 
SIZE  OF  INCLUSIONS  DURING  FORGING 
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FIGURE  9-1S. 

TYPICAL  INFLUENCE  OF  UPSET  REDUCTION 
IN  DIE  FORGING  ON  AXIAL  AND  RADIAL 
DUCTILITY  OP  STEELS 


ll^iCRE^SING  PEDUCTIO 


IMC^EASIHG  DUCTIL'TY 


I  I  <J 


The  upper  limiting  ferging  temperatures  for  steels  aie  influeac.ed  most  noticeably 
by  carbon  cjnlent.  The  maximum  forging  temperatures  for  carbon  steels  with  increas¬ 
ing  carbon  contents  are  approximately  as  follows; 


AISl  Steel 

Cavbwii  Content 

.Maximum  Forging 

Designatior 

'  per  cent 

Temperature,  F 

ClOlO 

0.  1 

2400 

C1030 

0.  3 

2350 

C1050 

0.  5 

2300 

C1080 

0.  8 

2200 

C1095 

1.0 

2160 

These  forging  temperatures 

are  approximately  300  F  below  the  solidus  Leinpcrai.ore  of 

each  composition.  A^ove  these  temperatures  the 

steels  are  subject  to  possible  damage 

by  overheating  or  burning. 

/  ... 

Low-alloy  steels  have 

solidus  temperatures 

lower  than  plain  carbon  steels  of 

comparable  carbon  contents. 

Thus,  the  maxim ui. 

;  forging  temperatures  for  the  low- 

alloy  steels  at  each  carbon  level  are  generally  50  to  100  lower,  In  addition,  the 
forging  temperatures  are  usually  reduced  another  50  to  100  F  for  parts  requiring  only 
small  reductions.  This  provides  further  insurance  that  the  alloys  do  not  overhe.at. 


Decarburization .  Methods  for  reducing  de carburization  during  forging  include 
the  use  of  controlled-atmosphere  furnaces,  electroplated  coatings,  glass  coatings, 
flame-sprayed  coatings,  hot-dip  coatings,  and  coml  Inations  of  coatings  and  atmo¬ 
spheres.  The  most  promising  method  for  preventing  decarburization  on  a  common  low- 
alloy  steel  (AISI  4340)  involves  the  use  of  an  electroplated  nickel  coating  (about  3  mils 
thick)  in  combination  with  a  controlled-atmosphere  furnace.  Experimental  shidies  de¬ 
scribed  by  Prof£itt(^U  indicate  that  decarburization  can  be  virtually  eliminated  by  using 
nickel  coated  steel  heated  to  2200  F  in  an  atmosphere  of  nitrogen  and  atomii'ed  pine  o'l. 
Another  source  reported  the  .'urcessiul  use  of  hot-dipped  aluminum  coatings,  but  this 
introduces  the  problem  of  removing  the  hard  iron-aluminum  compound  developed  on  th'> 
surface.  As  yet,  no  inexpensive  method  for  preventing  decarburization  is  available. 


Flakes.  Some  steels  melted  in  open-hearth  and  electric  furnaces  develop  in¬ 
ternal  cracks  when  cooled  from  forging.  These  cracks  are  called  It  is  gen¬ 

erally  held  that  flakes  are  a  direct  result  of  excessive  occlusion  of  hydrogen  at  grain 
boundaries,  lattice  imperfections,  and  other  microstructural  discontinuities  during 
cooling.  Fl-kes  frequently  occur  in  relatively  large  sections  (3  inches  or  L'lvger)  r 
forgings  cool  at  normal  air-cooling  rates.  However,  flaking  can  be  prevented  by  slowly 
cooling  the  forgings  in  either  furnaces  or  insulating  material.  For  extremely  large 
open-die  forgings,  it  has  recently  become  common  practice  to  reduce  hydrogen  levels 
of  the  starting  ingot  by  vacuum  melting,  vacuum  pouring,  or  vacuum  degaitsing.  All  of 
these  techniques  reduce  or  eliminate  the  problem  of  flaking  and  the  incidcac  '  of  de¬ 
layed  brittle  failure  in  service. 


Coc  .ir.'g  Cracks.  Alloys  having  high  hardenabiUty  are  subject  to  cooling  cracks  if 
cooled  tv.o  rapidly  aftu.-.  lorging.  This  is  particularly  true  of  the  high-carbon  and 
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3  to  6  per  cent.  cli;omium  grade.';.  Such  stcei..  arc  usually  either  cooled  IroUi  fogging 
in  insvilating  material  or  in  furnaces  to  prevent  cracking. 


COMMENTARY  ON  FORGING  DESIGN 


In  Chapter  4  on  Forging  Design,  carbon  and  low-alloy  steel.s  serve  as  a  oasis  for 
comparing  appropriate  designs  in  steels  with  those  of  other  metals.  Since  the  alloys 
in  this  clasrification  represent  hundreds  of  alloy  combinations  in  an  even  greater 
variety  of  forgeable  shapes  and  sizes,  it  is  irnpossi’-'e  to  formulate  hard  and  fast  rules 
about  forging  design. 

However,  there  are  practical  limits  to  forging  size,  shape,  and  design  in  each  of 
the  com.monly  used  types  of  forging  equipment.  Table  9-2  gives  practical  limits  on 
these  design  factors  for  cf  four  types  of  forging  equipment.  In  general,  faster 
equipment  is  capable  of  producing  thinner  sections.  The  minimum  thickness  and  toler¬ 
ances  increase  with  increasing  forging  size. 

TABLE  8-2.  SOvlE  PRACTICAL  SIZE  AND  SHAPE  LIMITATIONS  IMPOSED  ON  CARBON  AND  LOW-ALLOY  STEEL 
FORGINGS  BY  EQUIPMENT  SIZE  AND  FORGING  RATE(^) 


Hydraulic  Preuei 

Mechanical 

Drop  a  id 
Coumeiblow 

HiKh-£net|iy-Rate 

Conventional 

Hoavy(») 

Pteiiea 

Hammen 

Machlnea 

Equipment  Chataciertrtici 

Maximum  Equipment 

Size 

20,000  torn 

60,000  torn 

8, 000  tow 

150,000  lb 

226, 000  ft-lb 

Forging  Action 

Single  itroke 

Single  Itroke 

Single  laoke 

Repetitive 

Single  itroV.e 

itrokea 

Rsnge  of  FoLging 

Rater,  incbBt; 

Up  to  2 

Up  to  1/2 

Up  to  10 

160-260 

200-200.1 

Weight  Limitation 

About 

FoeginK  Size  and  Shape  LimlutlofU 

—  Up  to  about 

*b:iut  16  lb 

2,900  lb 

60  lb 

Maximum  Dimeniion, 

inchei 

About  10  ft 

About  20  ft 

About  2  ft 

About  15  ft 

10  inches 

Practical  Minimum 

3/8 

1/2 

2/8 

3/16 

3/32 

Thlcknewi  inchei 

Practical  Minimum 

Thickneii  Tolerance, 

inch,  For  Typical 

Oiik  Foi'gingi 

6-in.  diameter 

iO.030 

fO.  030 

ao.oBC 

lO.O.O 

aO.OlO 

10-in.  dlameit.i 

eO.OfC 

aO.060 

xO  030 

aO.045 

— 

20-in.  dianiete: 

aO.090 

ao.  090 

■■ 

a0.070 

■■ 

;»)  Kesvy  prestei  ue  th..  000-ton  tno  ti0,000-iaa  ptenei  built  under  the  Alt  Force  Heavy  Prcti  Ptogiam. 
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CHAPTER  10 

MARTENSITIC  STAINLESS  STEELS 


Cryttollin*  Struetur*: 

Auatnnite  -  foce-centetad  cubic 

Ferrite  -  bedy-centerad  cubic 

Marteniitc  -  tS:!.j<-.uol 

Fkais  Changsi: 

Aust«nite  transforms  to  ferr.te  plus  corbide 
over  Q  range  of  tomporaturos  bolew  1500  F 

Austonito  tronsforms  to  marton^ite  in  tho 
runge  of  obout  30(^500  F  on  ropid  cooling 

Austenite  tronsfort.  to  delta  lanita  on 
hooting  low-carbon  alloys  above  2000  F 

Number  of  Fhat*i; 

One  phase  (austenite)  at  forging  temperature 

LisulAit  Tsmpurahiru  Range: 

2650  to  27.‘i0  F 

$all4ua  Tamparatura  Range: 

2500  to  2700  F 

Raacllani  Whan  Heated  Air: 

Oxidation  and  possible  decarburisotien 
depending  on  temperature  and  carbon  content. 

ALLOYS  AND  FORMS  AVAILABLE 


Nominal  composltlona  for  several  martensitic  stainless  steels  are  given  in 
Table  10-1.  The  sices  of  ingots>  billets,  and  bars  available  for  forging  represent  a 
range  essentially  as  broad  as  that  for  carbon  and  low-alloy  steels.  Conventional 
procedures  are  used  for  melting,  cogging,  and  rolling. 

TABUS  10-1.  NOMINAL  COMPOSITIONS  OF  SEVERAL  MARTENSITIC.  STAINLESS  STEELS 


Alloy 

opeciftcatloni 

c 

Mn 

si  “ 

Cl 

Mo 

Othea 

410 

AMS  6613 

0.10 

0.7 

Bl 

12.5 

-e. 

— 

e..  . 

414 

AMS  SSIS 

0.12 

0.7 

0,3 

12.6 

1.7 

— 

Greek  Ascoloy 

AMS  6616 

0.18 

0.3 

13.0 

2.0 

0.? 

W  3.0 

416 

Oe 

0,9 

0.5 

13.0 

-- 

-- 

O. ,  1 .5  tn  ir 

420 

■5.10A1 

-- 

0.20 

0.68] 

0.7 

0.5 

13.0 

•- 

•• 

4403 

440cJ 

k 

0.8S| 

i.ioj 

‘  0.7 

0.6 

17.0 

0,5 

/n  O.OE 

Lspello  j  C 

0.  20 

0.9 

0.3 

11,5 

0.3 

2e 

\cu  2.0 

FORGING  BEHAVIOR 


The  high-chromium,  martensitic  steels  have  forging  characleristics  similar  to 
low-alloy  rteels.  Because  of  the  higher  chronii  .’.n;  .ontents,  however,  '.orging  load 
requirements  are  about  30  to  50  per  cent  higher  At  temperatures  above  iOOO  t' ,  cer¬ 
tain  of  the  alloys  transform  partly  to  delta  ferrite  which  reduces  iorgeabidt.y .  For  this 
reason,  maximum  forging  tempera  Tes  are  generally  tOC  F  to  3C:0  F  loiter  than  for 
low-alloy  steels. 

The  austenite-to-ferrite  transformation  has  an  important  influence  on  forgeability 
and  forging  temperature.  For  this  reanuii,  Slowm,  et  alU)  studied  the  influences  of 
temperature  on  twist  ductility  for  stainless  grades  having  chromium  contents  between 
12  and  26  per  cent.  They  concluded  that  the  delta -ferrite  formation  temperature  de¬ 
creases  with  increasing  chromium  contents  and  that  small  amounts  of  delta  ferrite 
reduce  forgeability  significantly.  The  studios  also  showed  that  as  the  amount  of  delta 
ferrite  increases  above  about  IS  per  cent,  forgeability  improves  gradually  until  the 
structure  becomes  entirely  ferritic  where  twist  ductility  lncreas<^s  sharply.  The  tem¬ 
perature  range  producing  a  totally  ferritic  structure  in  the  martensitic  stainless  steels, 
however,  is  too  close  to  the  melting  range  to  serve  as  a  practical  forging  temperature. 


Figure  10-1  shows  that  tlse  twist  ductility  of  AISI  410  stainless  steel  at  2100  F  is 
fairly  high  but  decreases  rapidly  at  2200  F  to  a  level  comparable  to  the  high-sulfur 
416  stainless  grade. 


)«os  MS  nee  ifoo  mm 

TEMSCeaTURE.  F 


FIGURE  lfr.1. 

INFLUENCE  OF  TBiVERATURE 
ON  TWIST  DUCTILITf  AND 
FOtCEAMLITY  OF  410  AND 
4U  STAINLESS  STEELS 

Aftur  ui  41. 


Figure  10-2  gives  twist  data  fer  two  beats  of  AISI  420  atainls  c  sbviwing  typical 
beat-to-heat  variation.  Much  less  effect  of  temperature  on  twist  ductility  is  evident 
for  this  stainless  steel  than  for  the  410  grade  steel  as  was  shown  in  Figure  0-’.. 
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Figur*  10-3  cgnip«r««  twist  dAts  lot  swcrsl  •t*ii>ls**  with  that 

for  AlSl  4340  at**!.  Tha  twiat  ductility  valuaa  for  tha  MSI  AtO  and  430  gradaa  drop 
aharply  abova  3200  F  and  3400  F.  rwapactivalr-  TV*  440A  and  440C  gradaa  do  not 
•xMbtt  auch  drastic  •  «".th  ••tnparat.r*,  but  ib*a*  gradaa  aUo  do  not  axbibit 

high  lavala  of  ductility.  Ralativ*  tor^u*  valuaa  at  tamparaturaa  corraapondiug  to  max- 
imufn  tariai  ductility  ar*  comparad  with  MSI  4340  balnw; 


Racommandad  Forging 
Tamparatura.  F 


Tor^u*  Ralativ* 
to  AlSl  4340 


AllO' 
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those  used  in  forcing  practice.  The  data  indicate  that  the  greale'it  forging-load  re¬ 
quirements  would  be  expected  for  the  AISI  440  alloys. 


COMMENTikY  ON  FORGING  PRACTICE  AND  DESIGN 


While  there  are  comparatively  few  quantitative  data  on  the  forging  character¬ 
istics  of  the  martensitic  stainless  grades,  the  important  factors  are  well  understood. 
The  most  serious  problem  in  the  forging  of  martensitic  rtainiess  steels  is  the  presence 
of  delta  ferrite.  This  phase  significantly  reduces  the  transverse  ductility  of  these 
steels.  This  is  particularly  true  of  the  ductility  ii.  the  short  transverse  direction.  In 
some  heavy  forgings,  the  ductility  of  martensitic  stainless  steels  has  been  of  the.  order 
of  1-2  per  cent  in  this  direction,  while  in  the  longitudinal  direction  the  ductility  may  be 
as  high  as  15  per  cent. 


Selection  of  Forging  Temperatures.  In  general,  maximum  forging  temperatures 
are  determined  by  the  first  appearance  of  the  delta-ferrite  phase  on  heating.  In  prac¬ 
tice,  these  temperatures  are  readily  determined  by  conducting  upset  forging  trials  at 
temperatures  between  2000  T  and  2300  F.  The  first  appearance  of  the  phase  on  heating 
correlates  with  the  onset  of  edge  cracking. 

A  chart  observed  st  one  company  showed  that  variations  .in  the  forgeability  of  410 
stainless  steel  could  be  predicted,  to  some  extent,  from  composition.  Although  spe¬ 
cific  data  were  not  maue  available,  the  chart  showed  that  maximiun  forging  tempera¬ 
tures  decrease  with  increasing  chromium  and  with  increasing  carbon  contents.  A 
schematic  representation  of  this  type  of  chart  is  given  in  Figure  10-4.  Accurate 
charts  of  this  kind  prove  useful  for  predicting  forgeability  of  the  various  ma;.*tensitic 
stainless  steels  from  chemical  composition. 


~»oa 


-1900 


FIGURE  10-4. 

TYFICAl  imfluehce 
OP  CHROMIUM  ' 
CAPBON  VARIATirdS 
OH  THE  MAXIMUM 
FORGINC  TEMFE(>ATURE 
FOR  MARTENSITIC 
STAINL  ESS  STEEL.; 


ExotnpU  on 

410  tloinUtt* 
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It  is  important  to  recognise  that  the  carbon  content  near  the  billet  surface  may  be 
lowered  by  decarburixation.  This  causes  delta  ferrite  to  form  at  unexpectedly  low 
temperatures  and  leads  to  poor  forgeability.  To  minimixe  decarburi^ation,  billets 
should  be  heated  for  the  minimum  possible  tunes  befo.'ti  iorging. 


Forging  Cycle.  Forging  cycles  for  Ihe  martensitic  sUinless  steels  are  essen¬ 
tially  thesamTaTthose  used  for  carbon  and  low-alloy  steels.  Because  greater  pres¬ 
sures  are  required,  larger  forging  equipment  is  necessary  for  otherwise  similar  parts, 
When  forging  with  large  reductions,  workpiece  temperatures  may  iiicrea#e  enough  to 
exceed  the  delta-ferrite  transformation  temperature  and  cause  cracking.  This  can  be 
avoided  either  by  lowering  the  forging  temperature  or  bv  forging  slowly. 

Ba.«ed  on  comments  from  represenUtlves  of  the  forging  industry  and  also  on  hot- 
twiat  test  results,  the  following  data  are  given  for  comparing  both  forging  loads  and 
forging  temperatures  for  various  stainless  grades  (the  relative  forging  loads  are  based 
on  a  rating  of  1. 0  for  AlSl  4340  steel  at  2300  F): 

Forging 

Alloy  Temperature.  F  Relative  Forging  Load 

A1S1  4340 
AlSl  410 
AlSl  414 
AlSl  416 
Greek  Ascoloy 
AlSl  420 
AlSl  440A 
AlSl  440B 
AlSl  440C 
Lapelloy  C 


2300 

1.0 

2150 

1. 2-1.5 

2150 

1.3-1. 5 

2150 

1. 3-1.5 

2200 

i. 5-1.7 

2200 

1.  1-1.2 

2100 

2.0 

2100 

2.0 

2050 

2.0 

2250 

2.0 

Lubrication  Lubrication  techniques  are  eseentiaUy  the  same  as  those  for  carbon 
and  low-alloy  steels. 


Cooling  From  Forging.  Because  the  martensitic  stainless  st-els  '  •  -haraetcr- 
i*ed  by  high  hardenabiUty,  they  are  subject  to  thermal  cracking  when  cooled  from 
forging  temperatures.  Nomial  practice  consists  of  placing  hot  forgings  in  insulating 
materials  to  provide  for  slow  cooling.  Fcr  parts  that  have  either  heai^-y  seotioni^*  rx 
large  variations  in  section,  it  ie  often  desirable  to  charge  the  forged  parte  directly  into 
an  annealing  furnace. 

In  particular,  the  higher-carbon  grades,  440A,  440B,  and  4100,  and  the  modi¬ 
fied  420  types  such  as  Greek  Ascoloy  and  Lapelloy  C  must  be  slow  cooled  caret'i  'ly 
afte-  forging.  These  steels  often  require  furnace -controlled  mterrupted  cooling  cy  j.es 
to  insiue  against  cracks.  Suitable  cycles  consist  of  air  cooling  the  forgi.  g-> 
peratures  wh-r.?  the  martensite  transformation  is  partially  complete  (bc‘  v-.^en  300  and 
500  F),  then  rolieating  in  '  f'lrV.actf  at  a  temperature  of  about  1200  F  before  finally 
cooling  to  room  temperature.  This  procedure  also  prevents  the  formation  of  excessive 
grain-boundary  carbides  that  sometimes  develop  during  continuous  slow  cooling. 
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Hciit  Treatment.  Martensitii-  atai'-'ess  steel  forgiiigs  may  be  sappUod  either  for 
high-strength,  Aear-resistant  applications,  or  for  long-time  service  at  elevated  tem¬ 
peratures  up  to  1100  F.  For  high-strength  applications,  full  heat  treatment  is  re¬ 
quired.  This  entails  austenitizing  at  1750  to  1350  F  depending  upon  the  type  of  steel, 
cooling  either  in  air  or  oil  to  room  temperature,  i:nd  subsequently  tempering  at  600  to 
800  F. 


Tempering  in  the  range  from  o50  to  1000  F  should  be  avoided  because  secondary 
hardening  occurs  at  such  temperatures.  Secondary  hardening  leads  to  reduced  ductility 
and  poor  impact  resistance. 

For  high-temperature  applications,  air  cooling  from  the  austenitizing  tempera¬ 
ture  followed  by  tempering  at  1050  to  1250  F  is  common  practice.  Often  double  tem¬ 
pering  is  employed  to  reduce  the  likelihood  of  subsequent  transformation  of  retained 
austenite. 


Oosign.  Design  principles  applying  to  carbon  and  low-alloy  bi.eele  are  applicable 
to  these  stainless  grades.  Broader  dimensional  tolerances  are  ordinarily  required, 
however,  owing  to  the  greater  forging-pressure  requirements. 
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CHAPTER  11 

AUSTENITIC  STAINLESS  STEELS 


CryMallin*  Structure! 


Auttunitu  -  Fac»-c*nt*r*d  cubic 


Phus*  Changes! 


P!-.22feS1 


None  on  :oollng,  but  steels  must  be  cooled 
rapidly  from  1.W  P  to  900  F  to  avoid  inter¬ 
granular  precipitation  of  chromium  carbide, 
Austenite  transforms  to  delta  ferrite  (b.c.c.) 
on  heating  lawer  carbon  alloys  above  2200  F 

One  phase  (ouatenite;  at  forging 
temperotures 


Liguidus  Temperature  Range:  2500  to  2600  F 

Solidus  Temperature  Range:  2450  to  2500  F 

Reactions  When  Heated  !n  Air:  Oxidizes  slowly 


ALLOYS  AND  FORMS  AVAILABLE 


Nominal  compqsitiona  uid  forgeability  data  for  several  austenitic  stainless  steels 
are  given  in  Table  11-1.  Ingot-  and  birets  are  available  in' virtually  any  of  the  size 

TABLE  11-1.  NOMINAL  COMPOSITIONS  AND  FORCING  CHARACTERISTICS  OF  SEVERAL  AUSTENITIC  STAINLESS  STEELS 


A18I  Type 


303 

304 

310 

316 

321 

347 

Nominal  Composition,  ^ 

0. 1C 

'6.06C 

'0.15C 

0.06C 

0.06C 

0.06c 

IS.OCt 

l9.0Ct 

26.0CC 

17.0Cr 

ltl.0Cr 

18.0Cr 

9.0Ni 

9.  ONI 

20.CNi 

12.  ONi 

10.  ONi 

11.  ONi 

0. 1.SS 

2.6MO 

(&XC)Ti 

(10xC)CbtTa 

Solidus  Temp,  F 

2400 

2660 

9500 

2600 

2500 

2600 

Austenite  to  Delta  Ferrite,  F 

- 

- 

2400 

2400 

2500 

“ 

Rectysullization  Temp,  F 

Between  1660  F  and  1700  F  depending  on  prior  culd-yotki'ig 

.lOndltir'IiS 

Foiglng  Vemp,  F 

Range 

1700-2300 

1600-2400 

1700-2400 

nOO-24r.O 

1- DO-2360 

1600-2360 

Recommflodeil 

‘"inO 

2260 

2250 

2260 

2200 

2200 

Relative  Forgeability 

Poor 

Good 

Good 

Good 

Fair 

Fair  to 
!;oi>d 
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ranges  that  are  available  in  carbon  and  ''>w-alloy  steel.  The  alloys  are  normally 
melved  by  electric-furnace  techniques.  They  are  either  forged  or  hot  rolled  to  billet 
and  supplied  in  the  annealed  condition  for  foi>ging. 


FORGING  bEHAVIOR 


By  comparison  with  carbon  and  low-alloy  steels,  the  austenitic  stainless  steels 
require  greater  forging  pressures.  They  are  generally  more  difficult  to  forge,  they 
exhibit  work-hardening  behavior  at  higher  temperatures,  and  their  forging-temperature 
ranges  are  narrower.  For  example,  AJSl  30d  stainless  steel  contains  sulfur  for  ma- 
chinability  purposes  and  therefore  will  contain  sulude  inclusions.  Hie  presence  of 
these  inclusions  greatly  impairs  the  hot  ductility  and  forging  characteristics.  Grades 
AISI  321  and  347,  which  contain  titanium  and  columbium,  respectively,  are  prone  to 
contain  carbonitride  stringers  which  also  can  lead  to  forging  difficulties,  although 
these  two  steels  are  more  readily  forgeable  than  AlSl  303. 

Hot-twist  test  data  are  useful  for  comparing  the  forgeabilities  of  these  stainless 
grades.  Figure  11-1  compares  the  twist  ductilities  and  torque  requirements  for  two 
stainless  grades  with  those  for  AISI  1040  and  AISI  4340.  These  data(U  show  that  both 
stainless  grades  (AISI  303  and  AISI  304)  have  about  equal  torque  values  that  are  25-50 
per  cent  higher  than  the  carbon  and  low-alloy  steels.  However,  the  twist  ductility  for 
the  AISI  303  grade  is  much  lower  than  that  for  the  AISI  304  grade  primarily  because  of 
the  high  sulfur  content. 

Figure  11-2  gives  twist  and  torque  curves  for  several  other  austenitic  stainless 
steels.  Again  these  curves  show  that,  although  the  twist  ductilities  differ  widely, 
the  torque  values  are  quite  similar  for  all  of  the  alloys  tested. 

Correlations  of  hot-twist  data  on  these  steels  with  forging  practice  are  quite 
good.  In  practice,  the  forgeabilities  of  Types  321  and  347  are  quite  variable  becau-'. 
they  frequently  contain  carbides  that  promote  rupturing. 

Ihrig{2)  also  studied  the  hot-twist  behavior  of  austenitic  stainless  steels  and  ob¬ 
served  forgeabilities  in  general  agreement  with  Clark  and  Russ.  Ihrig  compared  the 
twist  data  with  these  for  actual  tube-piercing  operations  and  found  that  heats  exhibiting 
the  lowest  twist  ductility  (number  of  twists  to  failure)  showed  the  highest  incidence  of 
ruptures  during  piercing.  Distinct  correlations  were  found  with  tii;:  ..v  jut  heats  of  the 
304  and  321  grades.  Heats  of  Type  304  exhibiting  95,  51,  and  35  twists  to  fr.ilure 
showed  excellent-to-poor  performance  in  that  order.  Similarly,  heats  of  T;pe  321 
exhibiting  86,  60,  and  42  twists  to  failure  showed  progressively  poorer  piercing 
behavior. 

Data  useful  for  indicating  relative  forgeabiUty  also  have  bee  determined  by 
Nippes,  et  al.  Small  specimens  (0.25*'  dia.  x  4**)  of  several  alleys  were  tested  ir. 
tension  at  elevated  temperatures  and  at  strain  rates  estimated  to  be  about  i .  0  in-  /in.  / 
sec.  Figure  11-3  summaii&c.i  the  Influence  of  temperature  on  the  hot  ductiliiv  (reduc  ¬ 
tion  of  area)  for  five  steels.  Since  the  specimens  were  heated  rapidly  (in  less  than 
5  eeconda),  the  values  are  not  very  representative  <'•£  actual  Gorging  conditions.  How¬ 
ever,  t.'ie  curves  sho  '  rharp  drops  in  ductilib/  at  critical  temperatures  for  each  alloy. 


FIGURE  11-2. 
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FIGURE  11-1. 

COMPARISON  OF  FORCING  CHARACTERISTICS 
OF  TYPICAL  AUSTENITIC  STAINLESS  STEELS 
WITH  CARBON  AND  LOW-ALLOY  STEELS. 
BASED  ON  HOT-TWIST  DATA 
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INPLUnCE  OP  TEMPERATURE  ON  FORGING 
CHARACTERISTICS  OF  SEVERAL  AUSTENITIC 
STAINLESS  STEELS,  BASED  OH  HOT-TWIST 
TESTS 
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FIGURE  lira.  HOT  DUCTILITY  OF  SEVERAL  AUSTENITIC  STAINLESS  STEELS  DETERMINED 
BY  RAPID  TENSILE  TESTS 

Af*»r  Nlpp*«t  •* 


Upiet  forging  itudiei  conducted  at  3atteUe(^)  demonstrate  that  austenitic  stain¬ 
less  steels  can  require  increasing  forging  pressures  with  increasing  reductions  even 
at  temperatures  thought  to  be  true  h''t -working  temperatures.  Figure  11-4  8hovr« 
forging  pressures  of  Type  3u4  stainless  steel  are  influenced  by  increasing  reductions 
at  each  of  four  temperatures.  Figure  11-5  compares  the  variation  of  forging  pressure 
with  temperature  and  forging  reduction  between  Type  304  and  AISI  1020  carbon  steel. 
At  1800 'F,  1020  carbon  steal  requires  pressures  from  21,000  to  25,000  psi  over  a 
range  of  upset  reductions  from  5  to  50  per  cent.  The  forging  pressure  for  AISI  304 
stainless  steel,  however,  increases  fxon>  33,000  to  57,000  psi  under  the  same 
conditions . 

Bloom,  et  al.  sbidied  the  influence  of  structural  chang.jS  on  tlie  he  l-twist 
ductility  of  austenitic  stainless  steels.  Tests  were  conducted  on  austenitic  steels  with 
similar  chromium  and  nickel  contents  to  show  how  small  variations  in  composition 
influence  the  critical  temperature  at  which  the  austenite  phase  transforms  ps.<  tly  to 
the  delta  ferrite  phase.  Figure  11-6  shows  the  amount  of  delta  fe:  ite  present  and  the 
twist  ductility  at  temperatures  in  the  range  2000-2500  F  for  four  stoole.  This  series 
of  graphs  also  shows  how  titanium  and  molybder.iun  promote  the  formation  '.i  d-'lta 
ferrite  in  austenitic  stainlesr  steels.  For  each  steel,  the  first  appear  ance  o.''  £  dolts 

fer'rite  phase  coincided  with  a  drop  in  twist  ductility. 


190 


i 


100 

"  "'"-I 
O.OiC, 

r— — r— — 

U.4  Cr,  I0.S  Nl 

1 _ L 

1 

I 

r 

WIIT 

1 

1 

1 

20 

0 

ai 

COMP 

AUST 

LCTitY 

ENiTI* 

n 

m 

1 

_ 1 _ 

IB 

FmisQsflnHi 

IB 

m 

bbh 

m 

SSnSS 

s 

11 

1 

■BSES 

a 

DBSBB 

Hp 

HI 

B 

■ 

m 

Bp 

mu 

B 

bS 

■BB 

S 

B 

iS 

..‘n  • 

L  •  ■' 

BB 

QIBDQ2 

Bi 

m 

m 

Bh 

B 

B 

m 

s 

B 

Bi 

S 

iSI 

SSmimiB 

tm 


»  MM  leto  aiM 
TIMPMAIUKE,  P 


MOO 


MM  MOO  MM 


l>iOUM  n<A. 

MCROtrmiCTUIII  a»«  twist  ouctilitt  op  several  austenitic  stainless  steels 
WITH  SIMILAR  CHROMIUM  AND  MCREL  CONTENTS  AT  TEMPERATURES  FROM 
2E00  P  TO  2SN  P 


COMMEMTARY  ON  P0IIGIN6  PRACTIceS 


Auotoaltic  otAinlcoo  otaolo  pooseoo  higher  hot  etrengthe  then  carbon,  low-alloy, 
or  even  marteaaltic  atainleae  atcola  and.  In  fact,  exhibit  work  hardening  at  relatively 
high  tamparaturaa.  ACaximum  forging  tamparaturea  up  to  about  2300  F  are  poaaible 
for  tha  18-8  typaa,  but  thla  limit  ia  conaidarably  lower  for  thoae  gradea  that  tend  to 
form  dalta  farrita  which,  in  *'trn,  aarioualy  Impair  a  forgeability.  Minimum  forging 
tamparaturaa  muat  ganarally  be  above  about  1700  F  to  avoid  crackirr  --id  hot  tearing. 
It  la  important,  therefore,  to  aelact  the  forging  tamparaturaa  carefully  and  exerciae 
equal  care  during  forging  with  regard  to  ;l;e  intenaity  of  hammer  blows ,  the  amount  of 
r^uction  between  reheatinga,  the  final  r::.iuction,  etc. 


Selection  of  Forging  Temperaturaa .  Maximum  and  minimum  forging  tempera- 
turca  for  auatanltic  atainlaaa  ateela,  from  the  atandpuint  of  forgeabilitv,  can  he  readily 
datarminad  from  hot-twiat  data.  Howevar,  tha  aelection  of  eptimun^  temper  -.twrea 
muat  conatder  the  final  propertiea  of  the  forging.  Paris  re'reivlng  eraail  reduo!  nna 
are  subject  to  excessive  grain  growth  if  forged  at  the  maximum  tem^  cr>.  It  is 

common  pr>?ctlce,  therefore,  to  adjuet  forging  tomp*-raturea  downwf-d  for  forging 
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opemtionB  rei^uiflng  tmall  amount!  of  reduciion.  For  example,  the  typical  forging 
temperatures  for  AISl  304  stainles*  steel  for  various  operations  would  b«  as  follows; 

Forging  Temperature, 

_  F 


Severe  reductions  (ingot  ''reakdown,  2300 

roll  forging,  drawing,  blocking, 
back  extrusion,  etc. ) 

Moderate  reductions  (finish  forging,  2200 

upsetting,  etc.) 

Slight  reductions  (coining,  restrik-  2050. 

ing,  end  upsetting,  etc. ) 

Similar  adjustments  are  made  for  the  other  austenitic  grades.  The  temperatures  used 
for  slight  reductions  rarely  exceed  2100  F  regardless  of  the  al>oy  being  fotged. 

In  addition,  it  is  essential  to  select  forging  temperatures  which  will  not  produce 
delta  ferrite.  Delta  ferrite,  in  addition  to  giving  rise  to  edge-cracking  in  forging,  will 
reduce  the  transverse  ductility  (particularly  in  the  thickneas  direction)  of  finished 
forgings.  Furthermore,  many  austenitic  eteela  are  marketed  on  the  basis  of  being 
completely  auatenitlc. 


Lubrication.  Since  auatenitlc  stainless  steels  do  not  form  much  scale  during 
heating  for  forging,  they  have  a  tendency  to  seixe  in  dies  during  forging.  For  this 
reason,  the  choice  of  lubricants  it  more  critical  than  lor  carbon,  low-alloy,  and 
martensitic  stainless  steels.  Most  common  dls-forglng  lubricants  are  oil-base 
suspensions  of  graphite,  but  molten  glasses  are  often  used  for  back  extrusion 

One  technique  for  reducing  telxing  consists  of  tempering  the  forging  dies  after 
the  final  machining  step.  The  oxide  leyer  formed  on  ths  dies  serven  as  a  parting  agent 
and  provides  a  bond  fo.;'  the  graphite  lubricants.  Carburisation  from  graphitic  lubri¬ 
cants  sometimes  presents  a  problem.  This  problem  can  be  avoided  by  thoroughly' 
cleaning  the  forgings  before  reheating. 


Furnace  Atmospheres.  The  hlgher-r’.ckel  austenitic  etalnless  steele  s.re  suecept- 
Ible  to  attack  by  sulfur.  If  sulfur-rich  fuel*  must  be  used,  it  is  in.portant  to  t  .aintain 
a  slightly  oxidizing  atmoaphere.  In  addition,  the  low-carbon  austenitlv;.  types  lAlSl  3U4, 
304L,  316,  316L,  etc. )  will  carburise  readily.  By  maintaining  oxidising  atmospheres, 
t^rburixStlon  la  not  likely  to  ^cur. 

An  air  atmoaphere  is  recommended  for  all  hosting  of  austenitic  ptainless  steels. 
Scale  srtll  form  but  this  can  readily  be  removed  by  acid  picVUng  in  a  hot  nltrif  - 
hydrofluoric  acid  solution.  Scale  formed  under  reducing  furnace  cond.lMors  5s 
tt  «;nely  diffi..ult  to  remove  by  pickling  and  necesiitatcs  a  twofold  picklinjj  process  J\' 
which  the  bcf.ic  is  first  oxidised  with  sulfuric  acid  and  <hen  ren.oved  \.ith  the  normal 
nitric-hycrofhioric  acid  pickling  solution. 
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Fornina  Equipment  Requirements.  Neither  for^;ing  pressure  nor  tie  forgeabiUty 
of  auatenitiu  stainless  steels  are  influenced  significantly  by  deformation  rates,  Ham¬ 
mers  and  other  fast-acting  equipment  are  preferred,  but  only  bfcauo'^  they  minimiie 
the  problems  associated  with  heat  transfer.  T'ao  to  three  times  as  much  energy  is 
required  fur  forging  the  300-series  stainless  ste'.  la  than  for  forging  carbon  and  low- 
alloy  steels.  In  hammer  forging,  this  means  either  larger  hammer  capacity  or  more 
hammer  blows  per  forging.  In  most  cases,  tr.rging  companies  will  compromise  with 
about  50  per  cent  greater  hammer  c..pacity  and  50-100  per  cent  mure  hanr^mer  blows. 
Press  forgers  figure  the  maximum  forging  plan  areas  at  about  half  that  for  the  carbon 
and  low-alloy  steels  for  any  given  pi  eat  size.  For  the  hot-cold-working  alloys, 
equipment  and  requirements  vary  depending  on  tVe  strength  desired. 


Heat  Treatment.  The  auateuitic  atainlusa  steels  are  noted  for  iheir  good  strength 
at  elevated  temperatures  and  for  their  good  reaiatance  to  corrosion.  Beceute  a  large 
proportion  of  theaa  steels  are  employed  in  applicationa  where  good  corrosion  retia- 
tance  is  required,  it  la  mandatory  that  these  materials  be  supplied  in  a  condition  best 
suited  <or  resistance  to  corrosive  attack. 

When  elowly  cooled  from  the  forging  temperature,  those  steels  which  are  not 
atabiliaed  (do  not  contain  columbium  or  titanium)  will  contain  intergranular  chromium 
carbidaa  and  will  be  subject  to  intergranular  corrosion  in  certain  media.  To  prevent 
this,  the  forged  parts  must  be  annealed  at  about  1950  F  and  rapidly  cooled  through  the 
tempereture  range  from  1500  to  900  F.  This  will  retain  the  undesirable  chromium 
carbide e  in  solid  solution  and  reduce  subsequent  intergranular  attack. 

The  stabilized  grades  (Types  321  and  347)  also  must  be  annealed  after  forging  to 
insure  that  all  of  the  carbon  is  tied  up  as  titanium  or  columbium  carbides.  This  is 
accomplished  by  heating  these  stabilized  grades  at  1600-1650  F,  a  temperature  at 
which  the  chromium  carbides  are  dissolved  but  the  titanium  or  columbium  carbides 
are  precipitated.  After  such  annealing  of  Types  321  and  347,  slow  cooling  to  room 
temperature  will  not  impair  the  corrosion  resistance  of  the  steels. 
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PRECIPITATION-HARDfNAILE  STAINLESS  STEELS 


Cryttslllns  Streeters: 

— 1 

Austenite  -  Fses>csntersd  cubic 

Ferrite  -  Body-centered  cubic 

Fkett  CSssfs*: 

•IK  F;  unaci  ct^rtein  conditions,  oustenite 
v.-ill  tronilorm  to  eorteneits  on  coeling. 

On  hooting  above  20K  F  outtenits  nans- 
forme  pntf  ly  to  delta  farrita, 

Neebsr  ef  Fkssss: 

Normally  one  (austenite)  at  (orging  tempera, 
lure.  Certain  alleys  contain  delta  farritn 
phase  (uF  to  2C  ,ier  rent)  evot  entile  forging- 
lemparatura  range 

Ssll2et  Tsm^sretere  Resfe; 

24S0  to  26S0  F 

Resctlset  Whse  HtsleJ  le  Alt: 

Oxidation 

ALLOYS  AND  FORMS  AVAILABLE 


Precipitation-lwrdaMbl*  •talnl«««  itwels  hav«  be«n  developed  bv  making  carUln 
alloy  additions  to  martanaitic,  aamiauaUnitic,  and  austanitic  alloys. Thuj>  tha 
martansitic  pracipitation-bardc  .abla  stainlass  staals  ara  similar  t0(  but  distinct  Itom, 
tha  martansitic  atainlass  ataala.  Tha  austanitic  pracipitation-hardanable  stainlass 
staals  ara  likawiaa  diffarant  from  tha  austanitic  stainlass  steals.  Tha  austenitic 
pracipitation-hardanabla  atainlass  staals  ara  known  for  their  relatively  high  strength 
in  tha  range  900  to  1300  T,  and  ara  often  referred  to  as  iron-base  s^erulloys.  These 
staals  ara  described  under  that  category  in  Cihapter  15. 

Nominal  compositions  of  several  semiaustenitic  and  martensitic  piecipitation- 
hardenable  stainless  steels  dra  given  in  Table  12-1.  Figure  12-1  shows  a  aciiumatic 
constitution  diagram  for  atainlass  steels.  Tlie  two  vertical  Unas  superimposes  oi\  the 
curve  represent  ranges  of  composition  characteristic  of  these  steels.  The  locution  ot 
this  band  shifts  with  the  composition,  as  indicated  by  tha  arrows  on  tha  graph. 

All  of  the  semiaustenitic  stainless  steels  are  either  precipitation  hardeuable  or 
classed  as  such,  and  they  combine  some  of  the  features  of  both  the  martensitic  and  the 
austenitic  stainlaas  steels.  As  annealed,  these  .>tselt  are  ansteiJtic,  soft,  ana  rc  Uily 
cold  formed.  As  fully  hardened,  they  are  martensitic  and  attain  strong^;, 
aom.i.’what  lughor  than  the  12-14  per  cent  chromium  martensitic  stainlevs  steels  (e.g.  , 
Type  410). 


TABU  J2-i.  nominal  COMPaStTlONS  OF  StVERAL  PBF.CtPITATION-HAKDtX/'Bl.t  STAINLESS  S  l  EKLS 
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COMPOSITION 


FIGURE  12-1.  SCHEMATIC  CONSTITUTION  PIACRAM  FOR  STAINLESS  STEELS  SHOWING 
TYPICAL  RELATIONSHIP  BETWEEN  COMPOSITION  AND  STRUCTURE 


Careful  control  of  composition  an<l  heat -trisating  proccUurcs  ia  required  to  obtain 
this  combination  of  characteristics.  The  balance  between  the  austenite  stabilir.ers 
(nickel,  carbon,  nitrogen,  and  manganese)  and  the  ferrite  stabiliaees  (chrouiium, 
silicon,  molybdenum,  and  aluminum.)  is  adjusted  so  i.na.  after  normal  arnea*ing  at  I9OO 
to  1950  F,  the  steel  is  predomirantly  austenitic  at  roont  temperature.  By  reanneallng 
at  lower  temperatures  (1400  tc  1750  IP),  chromium  carbides  are  precipitated  render¬ 
ing  the  austenitic  matrix  lees  stable  an.  raising  the  Mg  temperature  (the  temperature 
of  the  start  of  martensite  formation).  After  treating  at  1400  F  and  cooling  to  room 
temperature,  the  structure  is  completely  martensitic.  After  annealing  at  1750  F,  the 
Mg  temperature  is  ritised  to  about  0  F.  Refrigersiion  at  -100  F  will  th"n  prodv.ce  a 
martensitic  structure  in  such  materials.  When  ihe  martensitic  structure  is  obtained, 
the  steel  is  in  a  condition  whereby  precipitation  hardei.inp  will  occur  in  the  temperature 
range  from  850  to  1050  F.  This  will  further  increase  the  strength  of  tl-.e  steel,  tr  ico 
17-7PH  and  PH  15-7  Mo  steels,  the  precipitating  phase  is  aluminum  rich,  while  in  the 
AM  350  and  AM  355  sllove  it  ii  believed  to  be  a  nitride. 

The  martenritic  precipitation-hardening  stainless  steels  tran'fcrm  to  a  relatively 
"■oft"  martensite  (R(.30)  at  temperature!  in  the  range  of  200  to  300  F  during  cooling 
from  forging  temperaturaa.  Additional  atrengthening  (R^43)  la  derived  'rom  precipi¬ 
tation  reactions.  The  precipitating  phase  in  Stainless  W  is  believed  to  be  titanium 
carbide  and  an  aluminum*  rich  phase;  in  17-4PH,  the  precipitating  phaee  involve!  cop¬ 
per  and  may  be  similar  to  the  epsilon  phase  of  the  iron-copper  system. 

Tho  Ingote,  billete,  and  bars  available  for  forging  are  generally  processed  using 
procedures  similar  to  those  for  euetenltlc  etalnless  steele.  Since  the  alloys  are  not 
ueed  extensively  in  the  form  of  die  iorginge,  mill  suppliers  generally  stock  a  few 
standard  slses  and  either  cog  or  hot  roll  them  to  the  sises  specified  by  the  forging 
companies. 

With  the  exception  of  AM  355,  the  semlaustenltic,  precipitation -hardenstle 
stainless  steels  are  produced  bv  standard  arc-melting  practices.  The  AM  355  alloy 
usually  is  produced  by  consuma.jle-electrode,  vecuum-arc  melting. 

The  martensitic  precipltmtion-hardeneble  stainless  steel  forging  billets  usually 
are  supplied  In  the  overaged  condition,  which  is  developed  by  holding  eolation- treated 
material  at  1150  F,  Such  material  must  be  solution  treated  prior  to  preclpltetion 
hardening.  Material  supplied  in  the  eolution-treated  condition  may  be  precipitation 
hardened  directly  after  forging. 


FORGING  BEHAVIOR 


The  Composition  of  these  alloye  ia  euch  that  -ome  delta  ferrite  in  usually  formed 
during  solidification  of  the  ingot.  During  hot  breakdown  forging,  the  amoxint  of  delta 
ferrite  may  either  decrease  or  incraase,  depending  upon  the  temperatures  ctn  'loved. 
In  the  finished  product,  the  .'e'.'ui.iuetcnitic,  pradiiitatiun-hasdenable  svainlcns  .is 
may  contain  as  much  as  10  to  20  per  cent  delta  ferrite.  Under  proper  ..otv.i,- 

ti>>ne,  martensitic  alloys  will  not  contain  delta  ferrite. 

The  hori/.ontal  line  on  Figure  12-1  reprjsents  the  start  of  carbide  precipitation 
which  usually  commences  at  absut  17S0  F.  Belcw  this  l:.ue,  the  forgeability  of  tii.e 
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»l)oyi  drops  sharply.  This  rtigion  is  considered  a  lower  liniitfn^  forging  temperature. 
An  upper  limiting  forging  temperature  occurs  when  additional  delta  <errite  forms  on 
heating.  Alloy  compositions  represented  in  Figure  13-1  by  the  right-hand  vertical  lira 
exhibit  poor  forgecbility  because  they  retain  some  delta  ferrite  regardless  of  temper¬ 
ature.  The  delta  ferrite^  of  course.,  is  detrimertal  to  the  transverse  ductility,  par¬ 
ticularly  in  the  short  transverse  direction. 

According  to  forging  sources,  >he  AM  355  alloy  has  better  furgeaoility  than  the 
similar  AM  350  alloy.  The  AM  355  rlloy  has  a  lower  chromium  and  a  higher  carbon 
content  than  the  AM  350  alloy.  The  AM  350  composition  has  a  greater  tendency  tn  ex¬ 
hibit  delta  ferrite  over  the  entire  forging  range  »s  would  be  expected  from  tnc  data  in 
Figure  13-1. 

The  relative  forging  behavior  of  the  precipitation-hardenaMe  t>tainless  steels  can 
be  illustrated  by  Ute  following  comparison  of  forging  characteristics  between  AISl 
4340  steel  and  the  17-7PH,  AM  355  and  17-4PH  stoels:(5) 


4340 

17 -7  PH 

AM  355 

17-4PK 

Forging  tamps  rature 

2300  F 

2150  F 

2150  F 

2150  F 

Decarburisatioii 

High 

Low 

Low 

Low 

Scale 

High 

Low 

Low 

Low 

Grain-sise  control 

Excellant 

Fair 

Fair 

Good 

Forgeability 

Excellent 

Fair 

Good 

Good 

Forging  pressure  (relative) 

1.0 

1.4 

.t.4 

1.4 

Thermal  crack.ing 

Low 

None 

Low 

Medium 

Die  wear 

Low 

Medium 

Medium 

Medium 

Because  of  the  combination  of  lower  forging  temperature  and  greater  stiffness,  30  to 
50  per  cent  higher  forging  loads  are  required  for  the  precipitation-hardenabln  suinless 
steels  than  for  4340  and,  accordingly,  heavier  equipment  is  needed.  On  the  other 
hand,  the  precipitation-hardenable  grades  are  much  less  sensitive  to  decarburitation 
than  are  the  higher  carbon  lo., -alloy  steels.  Also,  they  do  not  scale  as  much.  Thus, 
it  is  possible  to  design  some  precipitation-hardenable  stainless  steel  forgings  for  use 
with  as -forged  surfaces. 


INPLUEHCE  OP  PORGING  VARIABLES  ON  MECHANICAL  PROPERTIES 


Forging  procedures  play  an  importaiit  role  in  achieving  the  optimum  mechanical 
properties  in  precipitation-hardenable  .‘ttainiess  steels,  particularly  in  the  6umis.u&<c;. 
itic  grades  in  which  the  grain  sise  is  primarily  controlled  by  prior  processirig.  For 
example,  forging  the  AM  355  alloy  at  too  high  a  finishing  temperature  produces  a 
coarse  grain  structure.  The  coarse  grains  may  .tot  transform  pror-rly  daring  the 
subsequent  heat  treatment,  and  an  undesirable  amount  of  austenite  tnay  be  reUxined  in 
the  finished  component. 

The  quality  of  semiaustenitic -alloy  forgings  is  also  quite  sensiKv.x  to  ute  amount 
of  forging  reduction  as  well  as  the  forging  temperature.  For  this  rt-  .s^n,  according  to 
a  forging  prviducer,  the  mechanical  properties  of  as-received  billet  stock  do  not  give 
an  accurate  measure  oi.  material  quality  as  it  might  later  apply  to  forgings.  In  one 


ca»e  cited,  a  heat  of  17-7  Pit  wan  v.acd  to  make  two  different  forglr.ff  conliguratloii*<. 
Both  forgings  were  dish-ehaped,,  but  one  contained  relatively  heavy  scctiona  which  re¬ 
ceived  only  minor  reduction  during  forging.  This  latter  component  exhibited  very 
erratic  mechanical  properties  after  the  Siune  thermal  ,-eatineiil  at  that  given  the  other 
ferging.  In  ultrasonic  testa  the  heavy-iectlon  forging  gave  many  Indications  of  sonic 
defects  but  the  wall-worked  forging  was  virtually  clear  of  these  defects.  The  ultra¬ 
sonic  defects  and  the  lack  of  adequate  .  ■sponse  to  heat  treatment  were  attributed  to  a 
high  percentage  of  retained  austenite  ir.  forglnga  with  heavier  sections. 

A  similar  comparison  of  forgings  of  AM  355  steel  was  reported  by  the  aeme 
producer  with  reapect  to  the  effects  of  forging  vari-v’.os.  It  was  found  that  the  final 
forging  temperature  must  be  hold  low  enough  to  insure  complete  traneformailonf  and 
that  whan  final  forging  temperatures  wore  much  above  dOOd  F  conaldaraMe  retention  of 
svteten.lte  occurred. 

In  addition  to  improving  forgeabllityj  it  la  Important  to  control  the  amount  of 
delta  feivlte  praarnt  to  retain  satiefactory  short  trsnsverse  ductility  levels.  The  typi¬ 
cal  effect  of  delta  ferrite  on  the  traneveree  tensile  du.tiUty  of  :,emiaustenitic  alloys  is 
illustrated  by  the  following  data: 


Alloy 

Ferrite 
Content , 
per  cent 

Ultimate 
Strength, 
1000  pel 

Elongation 
per  ceut 

AM  355 

0 

178 

22.0 

l7-7Ph 

0 

184 

19,0 

17-7PH 

0  to  2 

180 

5.0  to  8.0 

17-7PH 

Over  2 

180 

0  to  3 

PH15-7MO 

About  2 

205 

1  to  4 

PHI  5-7  Mo 

About  2 

195 

4  to  9 

Since  only  small  amounts  of  de.ta  ferrlta  in  the  structure  have  a  aerioue  effect  on 
verse  ductility,  close  control  of  the  forging  temperature  and  strain  rate  for  a  given  ra- 
duction  are  neceseary  to  avoid  overheating.  Delta  ferrite  also  can  be  formed  by  over¬ 
heating  the  martensitic  alloys,  to  thia  holds  true  for  the  precipltatlon-hardenable 
etainlets  eteela  in  general. 


*  COMMENTARY  ON  FORGING  PRACTICES 


The  precipltatlon-hardenable  stainless  steels  are  not  used  as  extensively  in  the 
form  of  forgings  as  are  the  marteneitic  low-,illoy  steels  such  as  AISI  4340,  .OfiAC, 
etc. (6)  Consequently,  fewer  quantitative  data  are  ovailable  on  forgesibility,  forcing  prea 
sure,  or  forging  design. 

Since  the  baeic  alloy  ccntvute  of  these  steels  are  quite  >ii.iUar  tn  those  of  : 
lft-8  variety  of  auetenitic  etainlees  ateuls,  forging  pressure  requlrenr. -:>ts 
similar,  'H:-  two-phase  nature  of  alloys  like  PHi5-7,\fo,  i7-7PH,  an.'l  AM  350  givea 
rise  to  vsri.'ible  forgeab')v,y  respouee.  At  temperatures  above  about  >700  F  the 
AM  355  grads  exhibits  forgeability  comparable  to  the  18-8  etainleea.  Below  1700  F, 
however,  the  iorgeabiUty  drops  rapidly  due  to  carbide  precipitation,  as  pointed  out  in 
the  discus  slcr.  of  Figure  12-1. 
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The  forging  characteristics  of  the  martensitic  grades  are  about  tlie  same  as  the 
12-14  pe»"  cent  chromium  stainless  steels  (e.g.  ,  Type  410),  according  to  a  major 
forging  producer.  Care  must  be  exercised  in  forcing  17-4PH  to  avoid  overhealing 
the  center  of  heavy  sections  from  too  heavy  or  too  -apid  reductions,  or  thermal 
cracking  can  occur.  Excellent  reproducibility  cl  both  forgeability  and  mechanical 
properties,  however,  are  attainable  with  17-4PH. 

The  semiaustenltic  precipit^  ion-hardenable  alloys  freq\iently  require  additional 
forging  steps  to  allow  for  condition;  ig  to  remove  cracks.  This  is  brought  out  in 
Table  12-2  which  compares  the  operations  for  forging  a  typical  part  from  17-7PH, 
17-4.PM,  and  4340  steels.  Here  it  can  be  seen  that  the  processing  of  the  martensitic 
alloys  and  the  low-alloy  steels  is  quite  sitiiilai. 


TABLE  12*2.  COMPARISON  OP  PORGUiG  OPERATIONS  FOR  17-4PH,  ANiJ  4:M0  STEEt^ 

ON  A  TYPICAL  PART 


17-7PH 


Cut  itock 

Hut  21fi0  F 

Upset  one  end 

Cool  to  room  t<unpAr*tute 

Romeve  ruptures 

Hest  2160  F 

FUtten  and  draw  one  end 
Cool  to  room  tempetatuie 
Inspect  and  temov'  ruptures 
Heat  2160  F 
Block 

Reheat  2180  F 
Finish  and  aim 

Ait  cool 


AISI4340 


Cut  stock 
Heat  2300  F 
Upset  one  end 


Reheat  2300  F 
Flatten  and  draw  one  end 


Reheat  2300  F 
Block 

Finish  rnd  aim 
Slow  cool 


37»4jui 


Cut  stock 
Heat  2180  F 
Upset  one  end 


Rnhrat  2180  F 
Flatten  and  draw  one  end 


Reheat  2160  F 
Block 

Reheat  2160  F  (optional) 
Finish  and  aim 
Equalize  2160  F 
Slow  cool 


All  of  the  semiaustenitic  gx-ades  have  a  tendency  to  retain  the  austenite  structure 
at  room  temperature  after  forging  at  temperature  higher  than  2000  F  and  heat  treating. 
To  achieve  uniform  grain  refinement  it  is  frequently  necessary  to  promote  the  austenite 
transformation  to  martensit?  by  heating  forgings  in  the  viciuity  of  F.  This  treat¬ 

ment  causes  carbide  to  precipitate,  renders  the  austenite  less  stable,  arr'  promotes 
complete  transformation  to  martensite  or  cooling  back  to  room  .emueratur  .  Forgi'^gs 
heat  treated  in  this  way  are  in  a  favoral>le  condition  for  subsequent  Iieat  treabnent  and 
grain  refinement. 

The  semiaustenitic  grades  are  sensitive  to  composition  var!...uc>is.  The 
PH15-7MO  alloy,  for  example,  may  exhibit  delta  ferrite  contents  ranging  from  0  vo  i  > 
per  cent  at  room  temperature  depending  on  compositior.  U  is,  therefore,  •-•or  '-non 
practice  to  determine  the  delta  ferrite  content  before  forging.  If  bil’cts  ruvhi';.'  string- 
ers  of  ferrite  on  their  surfaces  they  will  usuallv  rupture  during  any  siv’.eable  forg’.r.g 
reductio".  Ferrite  located  in  the  center  of  the  bille-s  does  not  have  as  marked  effect 
on  forgrability,  althc  qii  it  will  reduce  the  transverse  ductility  of  the  forgings. 
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Selection  of  ForKing  Temperatures.  When  selecting  forging  temperatures  for 
these  alloys,  it  is  important  to  consider  such  factors  as  the  amour!  and  rate  of  redac¬ 
tion,  grain  growth,  the  delta  ferrite  transformation,  and  the  natur*  of  subsequent  heat 
treatments.  For  example,  AM  3f>S  alloys  can  be  frrged  at  temperatures  as  high  as 
ZZOO  F  without  encountering  ferrite  cracking.  However,  temperature  increases  occur¬ 
ring  during  either  rapid  or  large  reductions  can  cause  delta  ferrite  to  form  and,  thus, 
promote  cracking.  The  alloys  genera*  y  exhibit  rapid  grain  growth  at  temperatures 
above  2100  F.  Forging  temperatures  fcr  parts  receiving  small  reductions  are  there¬ 
fore  maintained  below  2100  F.  This  is  particularly  important  for  the  alloys  that  re¬ 
tain  austenite  to  room  ternperature  because  subsequent  heat  treatment  '.vill  not  provide 
grain  refinement. 

Forging  temperatures  recommanded  for  several  precipitation-hardenable  stai;>.- 
less  steels  are  given  in  Table  12-3.  When  forging  rapidly  with  large  reductions  in  a 
single  operation  it  is  good  practice  to  lower  the  forging  temperature  100  F  or  more  to 
prevent  the  formation  of  additional  delta  ferrite  resulting  from  temperature  increases 
during  forging.  This  would  be  particularly  true  if  forging  is  done  in  high-energy-rate 
machines. 


TABLE  12-3.  FORGING  TEMPERA TURF5  RECOMMENDED  FOR  PRECIPITATION-HARDENABLE  STAINLESS  STEELS 


Alloy 

Maximum 

Forging 

TemperAture, 

F 

Recommended  Temperatures  for  Forgings  Recsiving 
Given  Nominal  Amounts  of  Reduction,  F 

Light  (Up  to  16^)  Modetate  (16-60^) 

Severe  (Ovet  60^) 

Vatlablef*) 

SemUuttenitic 

AM  3S0 

2160 

2100 

2160 

2160 

2100 

AM  366 

2200 

2000 

2160 

2160 

2000 

17.7PH 

2200 

2060 

2160 

2200 

166'' 

PH15-7MO 

2260 

2000 

2100 

2160 

2oor 

Mtrtenrltic 

Sulnless  W 

2250 

2060 

2200 

2200 

2060 

17-4PH 

2200 

2100 

2160 

2160 

2100 

(a)  Vuiible  Reduction  -  Thli  lefen  to  forging)  receiving  widely  differing  reduction).  End  upret),  for  example, 
receive  large  teductioni  on  the  upaet  end  while  the  shaft  may  remain  ettentlally  undeformed. 


Heating  to  the  Forging  Temperature.  To  avoid  internal  cracks,  cold  thick  sec¬ 
tions  should  not  be  charged  directly  into  a  furnace  heated  at  the  forging  temper. 'itare, 
but  should  be  preheated  at  1200-1400  F  and  allowed  to  equalize  at  this  temperat.tre 
prior  to  charging  into  the  hot  furnace.  For  example,  the  extent  of  the  preheating  that 
is  required  to  avoid  high  internal  stresses  is  prescribed  as  follows  for  *he  17-4Jr'H  grade 


Billet  Thickness,  Maximum  Furnace  Temperature 
_ inches  _  at  Tima  of  Chargin';;,  F 


<4 

4-6 

6 

8-10 

10-)2 

>12 


2150 

2000 

1800 

1600 

1400 

1200 


100 


If  IS  raecessairy  diiring  forgii-g,  lie  steel  sboialo  l*e  ged  itA'D  a  lurries-  it 

1150  F  ■ttJ’at  foTgiisig  temperature}  and  3aeil<S  lyi  lauur  f.'jr  »Lacii  iitci  of  bills!  thitterjef  s  lo 
aiic-^’  the  center  to  reach  teniperatore-  Billels  3  iiiChes  and  lar^-r  pho^ld  •'.oah  i  hou- 
at  teroperature  before  forging.  Smaller  billets  should  be  soaked  fc^sr  a  JTi.d iUiijTj  03 
15  miisuate?.  Because  of  the  formation  of  delta  femle,  overhealitiig  shouad  be  avoided. 
Altiotagh  these  reC'Ommefadaticns  are  for  the  17-4PH  grade,  similar  precautions  should 
be  foUo'wed  for  the  other  precipitatioxi-hardenable  stainless  steels  as  '«-e''l. 


Cooliiag  After  Forging.  Coolizig  after  forging  for  the  stainless  steels  shoiiid  be 
controlled  to  minitniEe  tte  chances  for  cracking  This  is  particularly  impor  tant  for  the 
martensitic  grades  sdiich  transform  on  cuuling.  Sections  thicker  than  three  inches  and 
intricate  smaller  aections  shocild  be  returned  to  the  heating  furnace  ai'sd  equaiiaed  at  «-»«■ 
forgiisg  temperature  prior  to  cooling .  Sectiueis  smaller  than  6  inches  may  then  b«  air 
cooled,  larger  sectioiis  shcmld  be  cooled  more  slowly,  and  this  can  be  simply  accom¬ 
plished  by  cooling  under  a  cos«r  of  light-gage  steel  sheet. 


Furnace  Atmospheres.  Becaose  carefnl  co.'AroI  of  both  carbon  and  nitrogen  is 
imperative  for  thMe  steels,  heating  in  rednemg  atmMplaeres  whereby  either  carbon  or 
nitrogen  may  be  picked  19  by  foe  steel  is  considered  poor  practice.  Heating  in  cracked 
ammonia  is  ailso  not  advisable.  Furthermore,  carbonaceous  lubricants  can  give  rise 
to  carborizatiion.  For  fois  reason,  foe  forging  billets  most  be  tborooghly  cleaned 
prior  to  heating  since  any  carhnri ration  or  nitn^en  pickup  wiLl  produce  a  more  stable 
austenite  and  will  significantly  reduce  foe  strength  pn^ierties  ovStained  on  beat 
treatment. 

Osidiming  atmospheres  are  necommendeil  for  all  beating  operatians.  This  will 
result  in  scaling.  The  scale  formed  in  an  osMiaing  atmosphere,  however,  is  readily 
removed  by  pickling  in  a  nitric-hydroOnoric  add  mistare. 

If  foe  part  is  formed  to  finisb  shape,  acid  pickling  is  not  reconnmende>.it  since  tins 
will  iesult  in  some  intergranular  afoseik  around  foe  carbides  at  foe  delta  fercite- 
austenite  interCaces  as  well  as  at  the  prior  austenite  grain  boondaries.  In  this  case, 
scale  removal  by  vapor  blasting  is  recommended. 


Lubricataan.  Lnbrication  techniqaes  for  these  alloj^  are  essentially  the  same  as 
t'  '  ~  —  the  austenitic  stainless  steels.  When  forging  parts  contar'-''—  thin  webs, 

lubrication  should  be  edntroUed  to  reduce  surface  metal  flow.  Any  rupturing  that  nuiglk 
occur  from  foe  presence  of  delta  ferrite  >.auld  be  exaggerated  by  large  deterraations 
of  foe  Surface. 


cVwMwg.  The  scmianstenitic  stainless  str.fia  retain  foe  soft,  auatanifo  a'^tructure 
to  room  temperature  after  appropriate  beat  treatments.  Tbis  permits  a  certain  amouot 
of  cold  forging  or  coining  to  close  dimensiowal  tolerances.  Since  foe  aorteT.'br  is 
metastable,  large  cold  rrdr’Ttr.csis  <)nay  lead  fo  tracking  fr.'ur'  i>vcaui -ioiucmi  v:-.  .toior- 
msititm.  Reductioas  in  foe  neigkboihood  of  20  per  ce.va  arc  consider.  ..  .o.iuiAj; 

sbe  semuiunteriitic  steels,  aJfoougb  no  quantitati^re  are  availabl<^  t>'i  confirm.  !his. 
During  *->.£  ^rdeninp  treatment,  however,  a  gTO%1h  of  about  O.  004  ircb  per  inch  occurs. 
Ira  cold  coiriT'g  to  finai.  «Kmeiiiwi#jnw,  this  gnwfo  factor  must  be  takeo  into  accowA  ira  the 
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process  design.  The  martensitic  precipitatiun-hardenable  stainless  grades  are  not 
amenable  to  cold  coining. 
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CHARIER  13 

MARACINO  STEEL£ 


Ctytiellliie  Structere: 

^  Foc»‘C*nt9r«d  cjbie 

Mort«nttt«  -  cubic* 

Phate  Cheniec 

Auftf*nitft  itoL**  to  about  300  F,  bolow 
which  (t  trontformB  to  mortontito 

Humber  el  Pheeet: 

On#  (ouBtonito)  at  forging 

tompofoturOB 

Selidue  Temperarure  Paitfei 

Above  2500  F 

Reaetlana  When  Heated  in  Air; 

Oxidation 

ALLOYS  AND  FORMS  AVAILABLE 

Sinco  the  meraging  steeli  were  iirat  announced  in  1959,  elit  wrought  eteele  and  one 
cast  steel  of  this  type  have  been  developed.  The  compositions  of  these  alloys  are 
shown  in  Table  13-1. As  thsir  name  implies,  the  maraging  steels  develop  their 
ultrahigh  strength  by  the  combination  of  transformation  to  martensite  followed  by  age 
hardening. The  25  per  cent  nickel  steel  is  austenitic  at  room  temperature  after  the 
standard  anneal  at  1500  F.  To  martensitise  this  steel,  it  is  reheated  to  1100  to  1300  .F 
which  depletes  the  matrix  of  nickel  by  promoting  the  precipitation  of  nickel-containing 
interm etallic  compounds.  The  austenite  thus  depleted  is  sufficiently  unstable  for  con¬ 
siderable  martensite  transformation  to  occur  on  cooling  to  room  temperature. Cooling 
to  -100  F  is  requii  ed  for  complete  transformation  to  martensite.  The  20  per  cent, 

16  per  cent,  and  15  per  cent  nickel  types  (the  last  named  being  developed  for  elevated- 
temperature  applications  up  to  1000  F)  are  martensitic  as  annealed  or  as  hot  worked. 

The  standard  annealing  temperature  for  these  steels  is  1500  F.  Fcr  cn  ^  ;te  marten- 
sitisation,  tie  20  per  cent  nickel  steel  is  refrigerated  at  -100  F;  transformation  in  the 
18  per  cent  and  15  per  cent  nickel  steels  is  substantially  complete  at  room  tempe.-ature. 
.411  of  the  maraging  steels  undergo  tremendous  increases  in  strength  on  nging  in  the 
range  of  750  to  1000  F  after  martensitisation.  An  aging  treatment  commonly  used  for 
the  Id  per  cent  nickel  type  is  900  F  for  3  hours. 

The  16  per  cent  nickel  type  of  maraging  steel  has  received  the  greatest  attention 
because  of  its  outetanding  fracture  toughness  and  because  it  is  ha.rdened  by  a  sit  pin 
single-step  schedule  carried  out  at  a  moderate  temperature,  in  addition,  becacse 
their  low  carbon  content,  the  maraging  steels  as  a  class  are  not  troubled  w.-th  decar  - 
buriz’>,tion  problems:  they  are  readily  fabricated  and  reasonably  veldabl  ■  they  are  not 

•The  muteaiitei  ..wsUy  f^med  Id  ue-.u  «ie  temgansi  iioo-esrboQ  i  iiitesdieii  the  mattesiitet  developed  In  the  maraging 
nee)<  ate  enentlally  ettbon-ftee,  iKin-nicket  tnerceultes  which  are  body-centered  citblc. 
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sensitive  to  heating  or  cooling  rate  either  in  annealing  or  in  aging;  and  they  are  subject 
only  to  minor  dimensional  changes  on  hardening. 


TABU  13-1.  COMPOSITIONS  OF  NICKEL  MARAGING  STEE'.S 


Alloy 


Designation 

Mnf>) 

Sl(o) 

"i(Er 

Ni 

Co 

Iv!o 

Ti 

At 

Cb 

25  NI 

0. 03 

0. 10 

0. 10 

0.01 

0.01 

25. 0 -26. 0 

-- 

" 

1. 3-1.6 

0. 15-0.30 

0.  ,30-0. 50 

20  Ni 

0. 03 

0, 10 

0. 10 

0.01 

0.01 

19. 0-20. 0 

-- 

" 

1. 3-1.6 

0.  15-0.30 

0.30-0.50 

18  NI  (280) 

0,03 

0.10 

0.10 

0.01 

0.01 

18.0-19.0 

8. 5-9.  5 

4. 6-5. 2 

0.5-0.  8 

0,05-0.15 

- 

18  NI  (250) 

0.03 

0. 10 

0.10 

0.01 

0.01 

n.  0-19.0 

7.  0-8. 5 

4.  6-.S.  2 

0.3-0. 5 

0.  05-0. 15 

- 

IR  NI  (200) 

0, 03 

0.  10 

0. 10 

0,01 

0.01 

17,0-19.0 

8.  0-9.0 

3.  0-3.5 

0.15-0.25 

0.05-0. 15 

- 

Cast 

0. 03 

0. 10 

0. 10 

0.01 

0.01 

16. 0-17.5 

9.5-11.0 

4. 4-4. 8 

0. 15-0..IIS 

0.05-0.15 

-- 

16  N|(‘=> 

0.01 

.. 

•• 

•• 

•• 

IS 

9 

5 

0.7 

0.7 

.. 

(t)  Other  (ilememi  tddedt  0,003  B,  0,02  Zr,  andO,  OSCt, 

(b)  Maximum. 

(c)  Nominal  compoiltion. 


Thus  far,  three  grades  of  18  per  cent  nickel  maraging  ste"»J  have  been  developed. 
Their  nominal  room  temperature  yield  strengths  as  annealed  and  fully  aged  are  280,  250 
and  200  ksi  and  the  corresponding  designations  for  them  are  18  Ni  (280),  18  Ni  (250),  and 
18  Ni  (200),  The  18  Ni  (280)  steel  is  consumable-electrode  vacuum-arc  remelted  be¬ 
cause  of  its  high  titanium  content.  The  other  grades  are  air  melted,  air  multed  and 
vacuum  degassed,  or  consumable-electrode  vacuum-arc  remelted.  Ingots,  bi.llets,  and 
bars  are  generally  processed  by  procedures  similar  to  those  used  for  alloy  steels  con¬ 
taining  substantial  amounts  of  nickel,  i.  e. ,  the  3  to  9  per  cent  nickel  steels.  Available 
forms  include  forging  billets  ..n  cizes  lo  12  inches  diameter  and  hot  rolled  bar  stock  in  a 
wide  range  of  sizes  in  addition  to  plate,  sheet,  strip,  seamless  pipe  and  wire. 


FORGING  BEHAVIOR 


The  18  Ni  maraging  steels  are  readily  hot  worked  by  conventional  methods  and 
standard  equipment.  These  steels  are  he,;ted  at  2200  to  2300  F,  and  forging  operations 
may  be  started  at  temperatures  as  high  a=  tSOO  F.C^)  It  is  generally  recommer.ded  th.  t 
the  finishing  temperature  be  in  the  vicinity  of  1700  to  1500  F,  The  materials  do  not  ex¬ 
hibit  hot  shortness  up  to  2300  F  and  do  not  crack  even  when  finished  below  1500  F.'*' 

The  martensite  formed  in  the  18  Ni  maraging  steels  is  relatively  soft  and  ductile 
before  being  aged.  For  bar  stock,  the  yield  strength  is  in  the  order  of  lOO,  000  p.'ii  and 
the  elongation  in  1  inch  is  about  17  per  cent. (7)  Likewise,  Ike  tendency  for  ihit  .laterial 
to  work  harden  is  extremely  low.  Therefore,  because  of  these  factor  Ifi  0  j  ir.arag- 

111^  steels  should  be  readily  amenable  to  cold  forging  operi.tions  such  as  coining. 
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INFLUENCE  OF  FORGING  VARIABLE;*  ON  MECHANICAL  PROPERTIES 


The  effect  which  hot  forging  has  oi>  the  micro  st::  >'cture  and  mechani  cal  properties 
of  the  13  Ni  tr.araging  ateels  depends  on  (a)  the  type  of  foi’ging  being  done,  (b)  the  forging 
temperature,  and  (c)  the  extent  to  which  the  metal  is  worked.  The  effects  aes  similar  to 
those  produced  in  the  austenitic-stainl-'s?  ateels  and  other  malleable  single-phase  metals 
and  alloys. 

The  influence  of  hot  working  (swaging)  on  the  grain  size  of  18  Ni  (280)  m:i raging 
steel  is  illustrated  by  the  data  in  Tabic  13-?-. (8)  'p-.,,  indicate  that,  between  1500  i' 
and  2200  F,  the  effect  of  temperature  is  almost  neglitible,  but  the  influence  .of  per  cent 
reduction  is  quite  ci^naiderable.  It  should  be  noted  that  these  alloys  do  not  recrystallize 
when  austenitized  i  '  e  way  that  carbon  and  low-alloy  steels  do;  the  grain  size  after  an¬ 
nealing  is  generally  the  same  as  after  forging.  The  principal  method  available  to  con¬ 
trol  grain  size  is  throug.*  -\uj  tstment  of  the  hot-working  conditions.  In  addition,  it  is 
possible  that  sufficient  residual  strain  can  be  developed  in  the  material  by  heavy  working 
at  the  low-temperature  end  of  the  forging  range  so  that,  on  reheating  to  1500  to  1700  F, 
recrystallisation  will  occur. 

TAM*  13-a.  INFLUENCE  OF  SWAGING  TEMPERATURE  AND  REDUCTION  ON 
GRA...  SIZE  OF  18  Ni  (280)  MARACING  STEEL 


Swaging 

Temparaiiue, 

F 

ASTM  Grain  Siief*^  After  Indt.iated 
Swaging  Reduction  and  Anneal'll 
35%  74% 

1500 

9-4 

9-10 

1600 

1-2 

10 

noo 

2-3 

10 

1800 

3-8 

9-10 

1900 

4-8 

7-10 

9000 

2-4 

8-10 

2100 

2-t 

7-10 

9200 

2-3 

7-9 

(a)  Grain  ilse  obierved  on  luiface  normal  to  axia  of  bar^. 

(b)  Ban  annealed  at  ISOO  F  and  aged  at  $80  f. 


The  tensile  properties  obtainable  in  closed-die  press  forgings  made  fron  11'  Ni 
maraglng  steels  are  illustraLcJ  by  the  data  in  Tables  13-3  and  13-4. The  date 
Table.  13-3  relate  to  a  40-inch-diameter  front  closure  for  the  Pershing  -o.'.kei  motor 
case  which  was  forged  from  a  consumable-electrode  vacuum-ar"  reme'<.e<i  heat  of  the 
18  NI  (28b;  grade  of  mar"  steel.  The  test  specimen^,  were  taken  from  the  rim  sec¬ 
tion.  It  is  seen  that  while  the  strength  valuee  are  about  the  same  in  both  directions,  the 
ductility  in  the  radial  direction  tends  to  be  less  than  in  the  tangential  direction. 
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TA3Le  13-3.  TBNSILH  PHO«RTII-S  OF  t«  Ni  (Si'O)  MARAGING  S'l^EL  PRESS -FORGSP  tX5ME 
AS  ANNEALED  AT  1500  F  AND  AGED  3  HOURS  AT  900  F  AFTER  FORGlNot'^) 


Direct 

o.2%ofrMt 
Yield  Streiigdi. 
kil 

UlTmite 
Tenille  Sticnstl., 
kti 

Elongation, 
per  cent 

Reduction  of  Area, 
per  cent 

Tdngentltl 

3I>4.5 

294.  7 

9.5 

44.7 

" 

■IM.O 

297. 4 

!0.  0 

45. 3 

Rlditl 

285.6 

292.7 

8.0 

35.4 

•> 

381.5 

'>90.  7 

8.  0 

42.3 

(•)  Sp«cim«m  Minovtd  ftom  tho  r-gloo  of  th*  rim  of  rh*  dome  which  was  40  inoiiei  in 
dicnictar. 


TAUI  13-4.  TBNSIU  PMORRTBS  OF  A  POItCID  Id  Ni  (9S0)  MARAGING  STEEL  AIRCRAFT 
STRUCTURAL  COMIDNENT  AS  ANNEALED  AT  ISOO  F  AND  AGED  3  HOURS 
AT  #00  F<*> 


Location 

Direction 

0.2%Ofhat 
Yield  Strength, 
kit 

Ultimata 
Temlle  Strength, 
kii 

tiongation. 
pat  cent 

Reduction  of  Area, 
per  cent 

CeniM  haavy  Mellon 

Short  ttamveiw 

SS0.» 

293.1 

3.0 

26.3 

Ditto 

Shot,  tranivene 

262.7 

294,9 

4.6 

21.6 

•• 

Longitudinal 

260.9 

263.1 

10.0 

46,7 

- 

Longitudinal 

260.9 

263.9 

10.0 

46.2 

Tramvene 

24  ?  8 

260.1 

6.0 

18.  E 

- 

Tranivene 

251.9 

263.6 

4.0 

9.6 

Web  area 

Longitudinal 

262.9 

265.2 

10.0 

62.9 

Ditto 

Longitudinal 

264.6 

267.2 

11.0 

53.6 

■■ 

Ttenivetie 

246.8 

280.6 

10. 0 

47.5 

•• 

Tranivene 

262.6 

264.3 

10.0 

48.7 

Table  13-4  presenie  teneile  data  for  an  air:;raft  atructural  con>nona.nt  press  forged 
from  a  consumable -electrode  vacuum-arc  remelted  heat  of  the  18  Ni  (230)  ^rade.  The 
strength  values  are  remarkably  similar  for  all  three  directions  and  for  bolh  'Tcations 
sampled.  However,  the  ductility  falls  off  significantly  m  the  txaasveirsc  and  sba  t  trans¬ 
verse  directions,  except  that  the  transverse  ductility  In  the  thin  webb-  u  arre  la  Gbout  the 
same  as  the  longitudinal  ductility.  The  low  ducti.ity  \n  the  transverr''  and  short  trans¬ 
verse  dirtrtivAs  of  the  center  section  is  thought  to  be  associated  with  the  fact  that  very 
little  reduction  cccurrea  in  these  directions  n  the  center  of  the  part  during  the  final 
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tor(}ipg  oparation.C^^  The  web  area,  on  the  other  hand,  received  a  considerable  amount 
of  deformation  during  the  finish  forging  operation.  These  variatiovin  can  bo  rorrecied  to 
a  large  extetit  by  tailoring  the  forging  process  in  all  its  details  to  the  material  being 
forged. 

Data  illustrating  the  influence  of  forging  temperature  on  the  tensile  stiungth  of  the 
18  Ni  type  of  maraglng  steel  are  showi.  in  Figure  13-1. It  is  to  be  noted  that  the 
strength  of  material  aged  directly  aftev  forging  increases  significantly  for  forging  tem¬ 
peratures  below  1700  Fi  whereas,  when  the  steel  is  annealed  before  aging,  the  strength 
is  essentially  independent  of  forging  temperature.  As  a  result,  for  material  foi'ged  at 
temperatures  above  1700  F,  annealing  at  ISOO  F  before  aging  improves  properties  to 
Dome  extent;  on  the  other  hand,  for  material  forged  av  temperatures  below  1  fOO  F,  this 
annealing  treatment  reduces  strength.  Quite  probably,  forging  at  tempcralarea  below 
1700  F  imparta  conaidcrable  strain  hardening  to  the  metal,  which  accounts  for  its 
greater  strength  whan  forged  at  such  temperatures.  A  thorough  annealing  treatment 
would  be  expected  to  remove  thie  strain-hardening  effect  and,  in  this  way,  cause  a  re¬ 
duction  strength. 

From  tha  data  in  Figure  13-1,  it  would  seem  that  this  type  of  steel  should  be  finish 
forged  at  or  below  1600  F  and  aged  directly,  in  order  to  develop  maximum  strength. 
However,  in  complicated  forglr.ga,  the  degree  of  strain  hardening  is  apt  to  vary  greatly 
from  section  to  section  and  the  mechanical  properties  are  likely  to  vary  accordingly. 

The  data  suggeat  that  much  more  uniformity  of  strength  properties  throughout  a  forged 
component  is  to  be  expected  if  the  meUl  ia  annealed  before  aging. 


COMMENTARY  ON  FORGING  FRAaiCE 


The  ealection  of  forging  temperatures  for  the  maraglng  steels  is  dominated  by  the 
type  of  forging  operation  intended.  If  the  part  is  designed  in  such  a  way  that  it  will  re¬ 
ceive  siseable  reductions,  forg..ig  temperatures  are  similar  to  those  used  for  alloy 
steels.  If  the  part  contains  portions  that  receive  little  reduction  during  forging,  how¬ 
ever,  temperaturaa  should  be  adjuated  downward  to  below  2000  F .  Thie  is  done  to  pre¬ 
vent  exceaalve  grain  growth.  In  any  case,  the  final  forging  steps  should  be  completed 
below  2000  F.  Recommended  forging  temperatures  are  given  below  for  some  typical 
forgings  made  from  the  18  Ni  alloys. 


Type  of  Forging 
Olake 


Recommended  Forging  Temperaiures 
Upaet  2300  F;  Finish  2150  F 


Rib  and  web  shapes 


Draw  2200  F;  Block  2250  F;  Finish  2150  T 


End  upset 
_  _ Rings . 


Upset  one  end  2000  F 

Upeet  and  pierce  2200  1^ .  Roll  2200  F 


The  e.id  upset  generally  receives  deformation  only  on  one  end.  Thus,  '.ne  Jowest  forrinp 
temperature'  is  recommended  for  such  parts. 
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FICURB  13-1.  iFPICT  OF  FORCINC  TEMPIRATURE  ‘NO  SUISFOUENT  NSAT  TREATMENT 
ON  STRENGTH  OF  18 Nl  MARACINC  STEELS 

A<«w  D«Vrl«»**) 


209  and  210 


Because  lower  finishing  temperatures  (1500  to  1700  F)  are  often  needed  for  grain- 
siae  control  and  ductility,  higher  forging  pressures  are  required  tha..  nor.vivil  for  othe.- 
steels.  Sparks  reports  that  forging  loads  ar.:.  comparable  to  some  titanium  alloys, 0^) 
Otherwise,  forging  procedures  normally  used  for  alio/  .iteels  are  suitable  for  the  18  Ni 
maraging  steels. 
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TITANIUM  AND  riTANIi'M  4\L0YS 
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ALLOYS  AND  FORMS  AVAILABLE 


Thara  «ra  thraa  ganaral  typaa  of  titanivun-baaa  alloya:  (1)  alpha  alloya,  (2)  alpha- 
bata  alloya,  and  (3)  bata  alloya.  Forging  bahavior  and,  hanca,  forging  practice  are 
controllad  by  tha  alpha-bata  ral  iicnahip  of  aach  alloy  typa.  On  haating,  pura  titanium 
undargoaa  a  tranaformation  at  1625  F  from  a  haxagonal  cloaa-packad  atrvctura  (alpha) 
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PIC'JRB  14.1.  alpha  BCTA  RILATK)NMIPS  FOR  THE  TWO  PRINCIPAL  ALLOYING 
BEHAVIORS  OP  TITANIUM 
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to  a  body -centered  cubtc  itructure  (betaj  Alloying  element!  are  added  to  Htab.'Uzu  cne 
or  the  other  of  theee  phatee  a!  ehovm  in  Figure  14- i>  by  either  raisine  or  lowering  ihe 
tranifori-iiation  temperature! . 

Aluminum,  which  la  the  etrongeet  metallic  alpha  atabillaer  ueed  in  commercial 
alloy!,  raiaee  the  beta  traneui  and  imparts  high-temperature  strength  to  <he  alloy. 
Certain  alloying  element!  uaed  in  commercial  alloy!  (e.g.  ,  Cr,  Fe,  Mn,  hio,  V)  are 
beta  stabiliaera  which  lower  the  beta  traneue.  Addition!  of  these  ulementf  strengthen 
the  beta  solid  solution  and  increase  the  amount  of  beta  retained  at  room  temperature. 
Thui,  the  bete  may  be  changed  from  ai.  unstable  form  to  a  stable  form,  even  below 
room  temperature.  In  alpha -beta  alloys  the  bn  a  phase  is  in  an  unstable  condition. 
Theee  alloys  can  be  heat  treatad  to  achieve  strengthening  by  partial  trans 'o rmatlon  of 
tha  beta  phase  to  alpha,  which  i»  finely  dispersed  in  tho  beta  phaee.  The  beta  traneue 
generally  eetabliehes  the  maximum  tamperatura  to  which  thaie  alleys  can  be  eefely 
heated  for  optimum  mechanical  properties.  Hence,  moit  high-etrength  forging  alloys 
are  detigned  with  sufficient  amounts  of  beta  stabiliaars  to  retain  beta  in  an  unstable, 
heat-treatable  form,  and  with  additions  of  aluminum  to  increase  tha  beta  tranaus  and 
thereby  extend  the  forging -temperature  range. 

The  compositions  and  individual  forging  charactaristics  of  eevaral  titanium  forg¬ 
ing  alloya  are  presented  in  Table  14-1.  The  alloys  are  produced  commercially  at 
cylindrical  ingots  by  vieuum-arc  melting  in  coniumable-electrode  furnaces.  Ingots 
are  first  cogged  to  large,  square  billets,  then  hot  rolled  to  bar  r.f  various  eiaee  for 
forging. 


rORGINC  BEHAVIOR 


Since  virtually  all  of  the  titanium  forging  alloys  are  double-melted,  they  rarely 
contain  segregations  of  other  materials  that  might  cause  wide  variations  in  forgeability. 
Initial  bro.tkdown  forging  of  titanium  -Uoys  is  ueually  done  at  temperatures  i  bovc  U.c 
beta  tranaus  because  the  body-centered  cubic  structure  is  more  ductile  and  forging- 
pressure  requlrementa  are  generally  lower.  Final  forging  is  ueually  done  at  tempera¬ 
tures  below  the  beta  traneue  to  prevent  exceesive  beta  grain  growth  and  attendant  low 
ductility. 

Variations  in  strain  rate  have  little  inr.uence  on  the  forgeability*  of  alpha  and 
alpha-beta  alloys;  both  alloy  types  are  readily  forgeable  in  elcheic  presses  or  hammers. 
The  Ti-13V-llCr-3Al  beta  alloy  also  exhibits  good  forgeability  in  both  pro.  aes  and 
hammers  when  forged  above  1400  F.  However,  when  forged  Just  below  1400  if,  the 
alpha  phase  begins  to  precipitate  and  the  alloy  ia  mots  susceptible  lu  cracking,  particu¬ 
larly  in  drop  hammers.  For  reaeoue  of  mechanical-property  control,  this  alloy  is 
frequently  forged  in  the  lower  temperature  range  but  the  reductions  are  small ;  hence, 
the  reduced  forgeability  does  not  present  a  major  problem. 

The  forging  pressure  of  titanium  alloys  increases  rapidly  with  ini.  res.';  .ng  'rsin 
rate  at  forging  temperatures.  This  effect  is  illustratod  by  the  forgino  •  f>re ur  ;  ->uveb 
sho.vn  in  Figure  14-2  for  two  difierent  alloy  types  —  elpha  and  beta  —  upset  forged  -li 
diiferent  temoeraturee  over  a  tenfold  increase  in  strain  rate,  ill  At  ..bout  10  per  cent 


*l'ho  ute  of  tne  ion.,  'fotgotbllity'  In  tWi  text  tefan  to  the  ability  of  x  maMt  to  be  defotmed  without  fxlluib,  legxMlau  of  tha 
fo.'2lng  piattut.). 


TABLE  14>1.  COMBOSiriONS  AND  POROING  CHARACTEMISTICS  OF  TtTANtUM  AND  SEV'ERAL  TITANIUM  ALLOYS 


Tl'iav  ■ 


Alloy  DMlgnatton 

Untlloved 

Tt-6Al-3.6Sn 

Tl-BAl-lMo-lV 

T1-6A1-4V 

TI-7A1-4MO 

llCt-3Al 

Forging  SpectficAttoni 

AMS 

AMS 

— 

AMS  4988 

•  • 

4991 

4966 

NomtnAl  Compotltion 

(B«l«ncc  Tltknlum), 

99T: 

SAl 

3A1 

OAl 

7A1 

18V 

3.SSn 

IMo 

4V 

4Mo 

iia 

IV 

3A1 

Alloy  Type 

Alpha 

Al^e 

Alpha 

Alpha-beta 

Alpha-beta 

Beta 

Denary,  Ib/cm^ 

0. 163 

0.161 

0.160 

0,188 

0.168 

0. 176 

Solldui,  F 

3030 

3880 

3800 

8800 

8800 

8700 

Bet*  Trtniui,  F 

~1660 

-1900 

-1900 

-1610 

-1836 

- 

RectyiUlllMiIon 

Temp,  P 

1900 

1300 

1300 

1360 

Forging  Temp  Benge,  F 

Inltitl  Bretkdown 

1700-3000 

1700-3000 

1700-3000 

1800-3000 

1800-8000 

1600-1900 

Die  Forging 

1600-1700 

1680-1860 

1780-1960 

1860-1800 

1680-1860 

1460-1700 

FotgeebUity 

Pteoei 

Good 

Fair 

Fait 

Good 

Good 

Good 

Hemmen 

Good 

Fait 

Fair 

Good 

Good 

Fait 

Hi8h«BnergyiUte 

Mtchinei 

— 

— 

— 

Good 

— 

Fait 

FORGING  FRCSSURE,  1000  PSI  FORGING  PRESSURE,  1300  PSI 
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0  10  30  30  40  50  00 
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FIGURE  14-2.  FORr.IllC'PRE$SURE  CURVES  FOR  AN  ALPHA  AND  A  UETA  A).  LOV 
UPSET  AT  VARIOUS  TEMPERATURES  AND  STRAIN  RAT::S''' 
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reduction,  for  example,  the  forging  pressures  for  both  alloys  increase  nearly  5U  per 
cent  for  this  moderate  increase  in  ^train  rate. 

Figure  14-3  summarises  the  influence  of  stram  rate  and  temperature  on  the  forg¬ 
ing  pressure  of  several  titanium  alloys  at  approximate  forging  temperatures.  Data  are 
provided  on  a  low-  alloy  steel  (AISI  4340)  for  comparison.  Forging  pressure  In-rreases 
in  an  approximate  linear  relationship  wtih  the  logaritlun  of  the  strain  rate,  as  exempli¬ 
fied  by  the  behavior  of  the  Ti-13V-HCr-3Al  alloy.  Thus,  it  is  possible  to  estimatvS 
forging  pressures  for  a  given  strain  rate  b/  interpolating  or  extrapolating  data  avail¬ 
able  at  other  strain  rates. 

An  example  of  such  an  extrapolation  is  given  in  Figure  14-4  to  permit  a  corr,par- 
ison  of  the  forging  pressures  for  Ti-6A1-4V  alloy  and  AISI  4340  steel  at  their  respective 
forging-temperature  ranges.  This  indicates  that  Ti-f:Al-4V  at  1725  F  requires  about 
the  same  forging  pressure  at  comparable  deformation  rates  as  AISI  4340  between 
2000  F  and  2300  F.  At  1600  F,  however,  the  data  indicate  that  Ti-6A1-4V  requires 
about  twice  the  forging  pressures  of  AISI  4340  steel.  This  coincides  quite  well  with 
actual  forging  experience.  Most  forging  companies  report  that  Ti-6A1-4V  requires 
one  and  one -half  to  two  times  the  equipment  capacity  needed  for  forging  alloy  steels  in 
comparable  shapes. 

The  marked  effect  of  temperature  on  the  forging  pressure  of  Ti-6A1-4V  is  charac¬ 
teristic  of  titanium  alloys  in  general.  Figure  14-5  shows  how  the  forging  pressure  for 
each  of  the  three  types  of  tiUnium  alloys  increases  more  rapidly  with  decreasing  tem¬ 
perature  than  does  that  of  low-alloy  steels.  Thus,  in  ordinary  die-forging  operations, 
cooling  of  the  workpiece  has  a  more  critical  effect  on  forging  pressures  for  titanium 
than  for  steels. 

Since  titanium  alloys  exhibit  rapidly  increasing  strengths' -.vith  increasing  strain 
rate,  more  energy  is  required  for  hammer  forging  than  for  press  forging  at  comparable 
temperatures.  The  Ti-13V-llC’— 3Al  al'oy  at  1450  F,  for  example,  requires  nearly 
50  per  cent  more  e.nergy  at  a  tvpical  hammer  velocity  of  200  in.  /sec  than  at  a  typical 
press  velocity  of  1.5  in. /sec.  The  energy  required  for  forging  Ti-13V-llCr-3Al  at 
hammer  velocities  at  1450  F  is  nearly  four  times  that  for  AISI  4340  at  2300  F  at  the 
same  level  of  reduction. 


INFLUENCE  OF  FORGING  VARIABLES  ON  MECHANICAL  PROPERTIES 


The  mechanical  properties  of  titanium,  alloys  are  basically  a  fun-^tlon  of  alloy  con¬ 
tent  and  thermal  treatment.  However,  such  properties  as  ductility,  impact  strength, 
and  notch  strength  are  influenced  significantly  by  the  Gorging  procedures.  Very  im¬ 
portant  in  the  control  of  these  properties  is  the  control  of  microstruct  re  which,  in 
turn,  is  controlled  by  forging  technique. 


Alpha- Beta  Alloys.  The  general  influence  of  forging  temperature  on  the  room  • 
temperature  mechanical  properties  of  alpha -beta  alloys  is  illustrated  ii  .Figure  14-6. 
When  forgeti  above  the  bt-.'  .  (ransus,  the  alloys  exhibit  coarse  beta  grains  with  attendant 
low  ductility  and  widely  varying  strength  properties.  Improved  ductility  and  more  uni¬ 
form  strength  properties  are  obtained  when  the  alloys  are  forged  below  the  beta  transus. 
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PISURS  14-4.  COMPARISON  OP  PORCINO  PRCSIURIS  POR  TWO  DIPPERRNT  MATERIALS 
kY  EXTRAPOLATION  OP  PORCINC-PRESSURC  CURVES^^ 
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FORCING  TEMPERATURE,  P 

FISURE  14-6.  GENERALIZED  INFLUENCE  OF  FORCING  TEMPERATURE  ON 
BETA  CRAIN  SIZE  AND  ROOM-TEMFERATURE  MECHANICAL 
FROPERTIES  OF  FORGED  ALPHA-BETA  ALLOYS 

Sho<l«4  ar««8  inJlcat*  •rrotle  feahovSar  ci  b»to*lor9«d  ollojft. 


This  behavior  is  related  to  the  physical  characteristics  of  two-phase  ailoys.  On 
heating  above  the  beta  transu  ,  alpha-beta  alloys  transform  completely  to  the  beta 
phase.  On  cooling  from  the  beta  region,  the  beta  decays  or  transforms  partially  to 
alpha,  which  takes  on  the  classical  acicular  shape  normah-to  such  systems.  If  the  beta- 
to-alpha  transformation  occurs  during  deformation,  the  alpha  separating  from  the  beta 
takes  on  an  equiaxed  grain  structure  (primary  alpha).  This  is  because  the  alpha  re¬ 
peatedly  recrystallizes  and  undergoes  grain  growth  at  the  expense  of  the  transforming 
beta.  However,  if' deformation  Is  completed  before  the  beta  transfo'"-'"  to  an  equilib¬ 
rium  amount  of  alpha,  the  remaining  beta  transforms  to  the  acicular  alpha  structure. 
Figure  14-7  illustrates  the  various  typical  structures  obtained  by  forging  av  tempera¬ 
tures  above  and  below  the  beta  transus. 

The  relative  amount  of  equiaxed  alpha  in  the  microstructure  has  an  important  in¬ 
fluence  on  the  ductility  and  notch  sensitivity  of  alpha -beta  alloys.  P.educticn  of  area  in¬ 
creases  with  increasing  amounts  of  equiaxed  alpha  up  to  about  20  per  cent,  then  levels 
off;  notch  sensitivity  steadily  increases  with  increasing  amounts  of  equiax^jd  i.lpha.. 
These  effects  are  illustrated  in  Figure  14-8  for  the  Ti-6A1-4V  alloy.  The  besi  .ombi- 
nation  of  properties  is  obtained  when  the  structure  contains  about  20  '.JO  u;  i  c'.nt 
equiaxed  alpha  (Figure  14-7b).  To  achieve  this  structure,  it  is  nece-  snry  to  forge  at 
teinperj«"-»res  about  100  F  below  the  beta  transus. 
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Thus,  with  material  that  has  a  pri.^r  beta  structure  it  is  important  that  a  suffi¬ 
cient  amount  of  work  be  done  100  F  below  the  beta  transus  to  obtain  the  desired  micro¬ 
structure.  Colton  determined  that  at  least  a  50  per  cent  reducllon  at  tliia  tenipcratui'e 
is  required  to  restore  optimum  room-iemperat jre  ductility  in  oeta  embrittled  Ti -6A1- 
6V-2Sn  aUoy.  (5)  Hamer  demonstrated  a  similar  behavior  for  the  Ti-7Al-4Mo  alloy.  (6) 
Figure  14-9  summarises  these  findings  and  shows  how  elongation  and  reduction  in  area 
for  these  two  alloys  increase  with  increasing  forging  i eductions. 

These  studies  demonstrate  that  alpha-beta  titanium  alloys  can  be  forged  initially 
at  temperatures  above  the  beta  transus,  providing  they  receive  at  least  50  per  cant  final 
reduction  at  temperatures  in  the  alpha -beta  fi'*.d. 

Because  of  the  critical  influence  of  forging  temperature  on  mechanical  pioperties, 
it  is  important  that  the  gross  temperature  changes  that  can  be  caused  by  the  forging 
procedure  are  avoided.  Large,  rapid  reductions,  for  example,  can  raise  the  actual 
forging  temperature  rf  a  billet  heated  in  the  alpha-beta  region  to  temperatures  well 
above  the  beta  transus  and  cause  beta  embrittlement.  On  the  other  hand,  die-chilllng 
effects  can  produce  localised  areas  containing  excessive  amounts  of  the  equiaxed-ali-.  . 
phase.  Hence,  it  is  possible  for  a  part  forged  at  an  "ideal"  forging  temperature  to  con¬ 
tain  regions  of  varying  structure  from  completely  acicular  to  predominantly  equiaxed 
alpha.  Accordingly,  the  properties  of  such  a  forging  will  vary  from  an  embrittled  con¬ 
dition  to  a  highly  ductile,  low-strength  condition. 

The  structure ,  and  hence  properties ,  can  also  be  affectod  by  different  cooling 
rates  after  forging.  When  forgings  are  water  quenched  immediately  after  forging,  the 
beta  phase  transforms  to  a  finer  acicular  structure.  Slow  cooling  produces  a  structtjre 
containing  grain  boundaries  rich  in  the  alpha  phase.  Groan  and  Risr.itano  found  that 
Ti-6Al-4V  alloy  parts  forged  in  the  beta  region  exhibltsd  higher  ductility  when  water 
quenched  than  when  air  cooled.  Water  quenching  produced  a  fine  acicular  structure 
and,  at  the  same  time,  appeared  to  arrest  beta  grain  growth.  This  experience  agrees 
well  with  the  studies  of  Grieat  and  Frost,  which  showed  that  the  room-temnerature 
tensile  ductility  of  alpha-bf ‘a  alloyc  decreases  rapidly  with  increasing  betr  grai". 
sise.  The  greatest  loss  of  ductility  was  associated  with  continuous  alpha  at  the  gi-idn 
boundaries. 

Both  investigators  noted  that  notched-bar  impact  properties  were  virtually  un¬ 
affected  by  beta-grain- size  changes.  In  fact,  the  average  impact  properties  at  -40  F  of 
Ti-6A1-4V  alloy  forgings  containing  an  acicular  structure  were  as  much  as  25  per  cent 
higher  than  forgings  containing  a  fine,  equiaxed-aipha  structure,  luvts,  for  highest  im¬ 
pact  properties,  it  may  be  desirable  to  forge  at  temperatures  above  the  hrta  transus 
and  water  quench  immediately  after  fortf''’'".  Such  a  pritctice,  liowever,  w  .uld  be  at  the 
expense  of  other  properties  that  sufier  from  beta  forging. 

If  an  unfavorably  high  proportion  of  eqalox->d  alpha  is  obtained  by  forgirxg  at  low 
temperatures,  it  is  possible  to  restore  the  desired  proportion  (2'  lo  30  per  cent)  by  re¬ 
heating  to  about  100  F  below  the  beta  transus  and  either  air  cooling  or  water  que.tch.lag 
This  technique  is  useful  for  improving  notch  sensitivity  at  bttle  or  no  exp*‘..is*-.  of  room- 
temperature  ductility. 

li  summary,  there  are  several  alternatives  available  in  the  ..election  of  forging 
tempei-aturer  for  alj  a-beta  alloys  for  achie/ing  opiimum  mechanical  properties. 

These  depend  on  the  prior  structure  of  the  billet  and  the  amount  of  reduction  the  various 


PICURC  14-a.  HOW  DUCTILITY  AND  NOTCH  SENMTIVITY  OF  Tt.4A|.4V  ALLOY 
FORCIHCS  ARE  INFLUENCED  BY  THE  FR  jFORTlOH  OF 
EQUIAXED  ALFHA  IN  THE  MICROSTRUCTURE'^' 


FINAL  FORCING  REDUCTION,  PER  CENT 


FIGURE  U.9.  INFLUENCE  OF  FINAL  FORCING  REDUCTION  BELOW  THE  e>ETA 
TRANSUS  ON  THE  DUCTILITY  OF  VWp  ALFHA-BETA  ALLP'  $ 
HAVING  A  PRIOR  BETA  STRUCTURE'^'*' 
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parts  of  the  forging  will  receive.  Data  at  ^  comments  aro  presented  In  Table  14-2  for 
selecting  the  forging  temperatures  for  two  types  of  forgings  -  a  disk  shape  and  a  rlb- 
and-web  structural  part.  As  Indicated,  It  Is  sometimes  desirable  to  conduct  prelim¬ 
inary  open-dle  forging  operations  at  temperatures  in  the  beta  region.  This  permits 
forging  for  a  longer  period  of  time  and  reduces  the  need  for  reheating.  Beta  forging 
would  be  recommended  only  If  adequate  reduction  below  the  beta  transus  Is  possible  In 
the  subsequent  forging  operations.  Temperatures  for  blocking  operations  are  often 
adjusted  downward  to  compensate  for  possible  harmful  temperature  increases. 

TABLE  H-2.  CHOICE  OF  PORGIWG  TEMPERATURES  FOR  TWO  TYPICAL  CONFIGURATIONS 
FORGED  FROM  ALPHA -fETA  ALLOYS 

F«m  forged  in  •  drop  hemmet 
Bela  ttantu*  of  alloy ;  1800  F 


Opetstion 

Nominal  linsat 
Reductfon,  pat  oast 

RsoumncDded 

Foiglsg 

TempMatiBst*), 

P 

1 

Ramaika 

1 

Dlik  Shane 

Upict 

70 

1700 

Tampstatuis  may  Inctaaaa  at  much  at  160  F  unlatt  foiglng  It  done  | 

with  light  intaimittaot  blow- 

Block 

SO 

1680 

Mots  unlfotm  tadnetioit  may  bs  obtained  1  y  turning  blank  over  | 

between  opmatlonat  diould  ptovlde  defotmation  In  aieat  ihnt  > 

naceadad  beu  ttantw  dutlag  upaattiog 

Plntih 

20  to  60 

1700 

shonld  ylald  ptopet  ptopottice  of  equlaaad  alpha  I 

Rlb-and-Wsb  Sbsps 

Dtsw  and 
flstten 

10  to  80 

17P0-18O0 

Higher  tampetatwe  allowt  for  loogat  time  at  fo'glng 
embilttlad  ntuctwe  will  be  removed  by  lubaequant  opeiaiiom  ^ 

Block 

40  to  70 

1660 

1 

Should  provide  adequate  defotmation  In  arena  iha:  exceeded  beta 
ttanaut  during  pievloua  oparatfon 

1 

Finidi 

30  to  60 

1700 

Should  yield  proper  ptoputfon  of  equtaaad  alpha  ^ 

(a)  Temperattsei  given  lepieient  natal  tenparatisei  higher  furnace  icningt  are  toraetlniea  wed  to  yicvide  iaater  heating  ratet. 


For  parts  receiving  small  total  reductions  (less  than  50  per  cent),  it  Is  dc-sita'uiv. 
to  begin  with  a  billet  that  has  a  structure  that  contains  at  least  10  to  15  per  cent  of 
equiaxed  alpha.  This  is  especially  true  of  parts  ^hat  are  upeet  forged  from  billets  hav* 
ing  length/diaineter  ratios  over  1/Z.  Such  parts  contain  large  *'d€  a-metal"  none  a 
which  receive  little  or  no  work. 


Beta  Alloys.  Ihe  general  influence  of  forging  temperature  on  the  room- 
temperature  mechanical  properties  of  the  Ti-13V-llCr-3Al  Leta  al.oy  is  illustrated  in 
Figure  i4-10.  Charac  teristic  of  other  single- phase  alloy  systems,  the  beta-titanium 


AS-FOROf:''  WITH  A  COMPARABLE 
,  l.EyPL  OF  REDUCTION  AT  EACH 

I  TEMPERATURE 
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OIRECTtV  AOED 


INCREASIHO  POROINC  TEMPERATURE 


FIGURE  14-10.  GENERAMKEP  INFLUENCE  OF  ’’ORCINC  TEMPERATtiRE  ON 

RQON-TEMPERATURE  MECHANICAL  PROPERTIES  OF  TMSV-’ICr-SA! 
EE  i  A  ALLOY  IN  THE  AS-FORCED  AND  AGED  CONDITIONS 
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alloy  exhibits  decreasing  ductility  with  increasing  grain  tnd  increasing  strength 

with  increasing  aniounts  of  cold  work.  Although  tlie  alloy  recryctallir-os  at  about 
1400  F.  cold  work  is  retained  after  forging  at  ternperatures  as  high  as  1600  F.  When 
cold  v/ork  is  retained,  precipitation  of  the  alpha  phase  occurs  more  rapidly  and  avenly 
during  subsequent  aging.  This  skorUns  the  agify  time  needed  to  achieve  a  given 
strength  level  with  good  ductility.  After  forging  at  temperatures  above  about  1600  F, 
longer  aging  times  are  required,  and  the  alpha  precipitate  concentrates  .;l  the  grain 
boundaries,  causing  low  ductility.  These  points  are  demonstrated  by  the  aging- 
response  curves  in  Figure  14-11,  which  show  more  rapid  aging  with  increasing  forging 
reductions  and  with  decreasing  forging  temperature.  The  aging  response  is  slowest 
after  annealing. 

The  beta  alloy  has  a  potential  yield  strength  capability  exceeding  2O0,000  psi. 
However,  at  these  higher  strengths,  the  alloy  is  quite  brittle  and  exhibits  elongation 
values  consiatently  below  5  per  cent.  For  this  reason,  most  investigations  have  con¬ 
centrated  on  achieving  a  yield -strength  level  of  about  180,000  psl,  where  higher  elonga¬ 
tion  values  may  be  e^vected.  Even  at  this  strength  level,  careful  control  of  forging 
temperatures  and  reductions  is  important  for  controlling  aging  rc.spcnse  and,  hence, 
mechanical  properties. 

The  Influence  of  various  forging  sequences  on  the  mechanical  properties  of  the 
Ti-13V-llCr-3Al  alloy  are  as  follows.  ^9) 

(1)  Fastest  aging  response  and  highest  ductilities  are  obtained  when  the 
alloy  is  warm  forged  at  or  slightly  below  the  recrystvlliration  tem¬ 
perature  (about  1400  F). 

(2)  The  aging  reaction  is  hastened  by  increasing  amounts  of  reduction  in 
this  temperature  range. 

(3)  The  ductility  of  sunnealed  forgings  increases  with  decreasing  grain  size. 

(4)  The  ductility  of  ag  d  forgings  is  more  dependent  on  prior  working  con¬ 
ditions  than  on  grain  siae. 

(5)  The  finest,  most  uniform  grain  siae  is  obtained  by  forging  in  multiple 
steps  with  successively  lower  forging  temperatures.  Since  grain 
growth  is  rapid  above  1500  F,  final  forging  reductions  are  usually 
performed  in  the  vicinity  of  this  temperature  to  obtain  the  '"'-Imum 
combination  of  grain  refinement  and  aging  response. 

A  summary  of  various  forging  techniques  ior  the  beta  alloy  is  shown  in  Figuv*»  3  4-1?. 
which  gives  forging  reductions,  temperatures,  aging  cycles,  and  the  resulting  values 
for  yield  strength  and  elongation.  The  date  for  forging  sequences  1  and  J  give  proper¬ 
ties  for  die  forgings  finished  at  15G0  F  and  aged,  ior  12  and  15  hours.  Tho  aging  cycle 
giving  the  highest  elongations  was  12  hours  at  900  F. 

Comparisons  were  made  by  Brody  and  Cresby  of  the  proj.crtieo  of  mll-bc'  .  disk 
forgings.'produced  by  both  hammer  and  prese-forging  techniques.  VVi.il;:  the  prop¬ 

erties  generally  were  comparable,  the  hammer-  forced  parts  exhibit^'d  the  lowest 
strength  n  the  central  regions  because  of  "dead-rnctal"  eones  there.  The  press-forged 
parts  received  more  u..iform  deformation,  hence  more  uniform  properties  were 
obtained. 
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Alph»  AUoya.  The  general  influence  o*  forging  temperatures  on  ths  mechanical 
propertiea  of  alpha  alloya  is  illuatrated  In  Figure  14-13.  The  behavior  ia  similar  in 
many  respects  to  that  for  the  alpha-beta  alloys.  The  strength  level  is  not  influenced 
greatly  by  forging  temperature,  hut  the  ductility  detre:>,se  sharply  when  forging  tem¬ 
peratures  exceed  the  beta  transus.  The  beat  combinations  of  forgeability  and  mechanical 
properties  are  at  forging  temperatures  within  the  alpha-beta  field.  Since  this  repre¬ 
sents  a  narrower  forging  temperature  "ange  than  for  the  alpha -beta  alloys,  the  alpha 
alloys  are  usually  reheated  more  often  aurlng  forging. 


-IMS  a  TRaiaUS  ^TRANSUS  4 100  S 


POROINO  TIMPCRATURl 

PIGUm  14-13.  CENIRALIZIO  INPLUEMCE  OP  PORCIMC  TEMPERATURE  OM  GRAIN  SIZE 
AND  ROOM-TIMPBRATURE  MECHANICAL  PROPERTIES  OP  PORCED  ALPHA 
ALLOTS 


Certain  of  the  alpha  alloys  (e.g.  ,  Ti-SAl-lKto-lV)  exhibit  improved  creep  re- 
siatance  when  forged  above  the  beta  tranaua-  However,  the  problem  of  increasing 
grain  eiae  introduce*  ductility  varlationa  that  are  difficult  to  control.  The  typical  in 
fluence  of  forging  temperature  on  the  room-temperature  mechanical  properties  of 
the  Ti-8Al-lMo-lV  alloy  is  shown  by  the  tabulation  below  for  samples  upset  fo  ged 
with  75  per  cent  reduction: 


2^8 

Forging 

Tempo  rature(^), 

F 

0.  2‘/,  Offset 
Yield  Strength, 
ksi 

Ultimate 

Strength, 

ksi 

Elongation, 
per  cent 

Reduction 
of  Area, 
per  cent 

1850 

123-139 

140-150 

14-15 

21-31 

1950 

114-123 

131-142 

10-15 

,.2-24 

Dat«  courtesy  of  Titanium  Metal*  Corporation  of  America. 

(a)  After  forging,  samples  annealed  1  hour  at  1660  F  and  8  houn  at  1100  F, 


COMMENTARY  ON  FORGING  PRACTICES 


There  are  o  number  of  factors  that  make  titanium  alloys  more  difficult  to  for^je 
than  steels.  The  metallurgical  behavior  of  the  alloys  not  only  imposes  certain  con¬ 
trols  and  limitations  on  the  forging  operation,  but  influences  all  of  the  steps  in  manu¬ 
facturing  forged  parts.  Particular  care  is  necesc  ary  throughout  the  processing  cycle 
to  avoid  contamination  by  oxygen,  nitrogen,  carbon,  and/or  hydrogen,  which  can 
severely  impair  the  properties  and  over-all  quality  of  a  forged  part. 


Coiapositio.i  Sensitivity.  The  forging  behavior  and  mechanical  properties  of  in¬ 
dividual  tiUnium  alloys  are  not  very  sensitive  to  variations  in  toetallic  alloying  ele¬ 
ments.  However,  both  oi  these  factors  are  influenced  significantly  by  variations  in 
interstitial  elements  (e.g. ,  oxygen,  nitrogen,  and  carbon).  An  incc.ca8e  from  0.  1  to 
0.  2  per  cent  oxygen,  for  example,  will  raise  the  beta  transus  of  the  Ti-6A1-4V  alloy 
as  much  as  75  F  and  increase  the  strength  level  by  as  much  as  15  per  cent.  The 
typical  influence  of  oxygen  content  on  mechanical  properties  is  illustrated  fox  two 
forging  alloys  by  the  following  data;(4>^n 


Nominal  Oxygen 
Content,  % 


_  Typical  Tensile  Strength,  psi 

Alpha- Beta  Beta 

Ti-6A1-4V  (Annealed)  Ti-13V-l lCr-3Al  (Aged) 


0. 10 
0.  15 
0.  20 


135,000 

147,000 

155,000 


190,000 

205,000 

2i4.no>'> 


Increasing  carbon  and  ixitrogen  contents  ci.;iBe  similar  but  less-noticeable  chsnges  in 
strength. 


Heating.  At  temperatures  above  about  1005  F,  oxygen  and  nitrogen  xeaev  with 
titanium  to  form  an  adherent  surface  scale  atxd  a  hard,  alpha- .rich  subsurface  leyer. 

The  subsurface  layer  is  brittle  even  at  forging  temperatures  and  can  causie  upturing 
during  forging.  The  alpha  alloys  are  particularly  sensitiv?  ro  this  and  forgir.gF  >51  these 
alloys  sometimes  require  frequent  in-process  grinding  operations.  '.Vhvn  1  h'w  b'j(.a  alloy 
1?  forged  above  about  1800  F,  it  exhibits  the  sanie  cl^aracteristics. 


When  hydrogen  is  absorbed  at  forging  jmperatures,  it  diffuses  in-A^ard,  raising 
the  hydrogen  content  of  the  entire  forging.  In  extreme  cases  ,  this  can  lead  to  hydrogen 
embrittlement.  Thus,  when  titanium  alloys  are  heated  for  forging  in  conventional  oil- 
or  gas-fired  turnaces,  oxidizing  atmospheres  are  preferred  to  minimize  hydrogen 
pickup.  Inert-gas  atmospheres  are  recommended  only  for  parts  containing  extremely 
thin  sections  that  require  multiple  heating  op'e rations. 


Removal  of  Contaminants.  The  hard,  alpha- rich  subsurface  layer  produced  by 
heating  titanium  in  air  is  difficult  to  machine.  Depending  on  heating  times  the  layer 
ordinarily  ranges  in  thickness  from  0.005  to  0.025  inch.  Pickling  forgings  in  hydro¬ 
fluoric  acid  (2-4  per  cent  aqueous  solution)  will  remo’^e  the  layer  at  a  rate  o'  about 
0.001  inch  per  minute.  To  minimize  hydrogen  contamination  from  the  acid  bath,  the 
solution  is  usually  modified  with  about  30  per  cent  nitric  acid.  This  retards  the  metal 
removal  rate  by  about  50  per  cent.  Hydrogen  may  be  removed  only  by  vacuum  anneal¬ 
ing.  Titanium  alloys  ar easily  analyzed  for  hydrogen  content,  and  appropriate  quality- 
control  measures  can  be  readily  established  for  maintaining  hydrogen  contents  below 
harmful  levels. 


Lubrication.  The  adherent  scale  formed  on  titanium  billets  during  heating  is 
abrasive  and  causes  dies  to  wear  at  rates  considerably  faster  than  occurs  with  compar¬ 
able  steel  forgings.  The  use  of  glass-type  billet  coatings  for  titani’im  alloys  has  re¬ 
duced  die  wear  to  about  the  same  level  as  for  stainless  steels.  The  glass-type  coatings 
provide  a  twofold  advantage  of  reducing  oxidation  and  providing  lubrication.  Other 
common  die  lubricants  are  colloidal  graphite  and  the  soot  from  partially  burned  kero¬ 
sene.  Those  lubricants  are  often  applied  by  spraying,  especially  for  parts  forged  in 
intricate  die  cavities.  Swabs  are  used  for  simple  shapes  like  disks  and  blades. 


Equipment  Cleanliness.  While  forging  titanium,  care  should  be  taken  to  prevent 
contact  with  ateel  scale.  A  "thermite"  type  reaction  can  occur  which  can  ruin  a  furgtr.^, 
die.  Apparently,  the  '  mlum  reduces  iron  oxide  in  an  exothermic  reaction  set  off  by 
pressure  and  high  temperature.  This  reaction  is  known  in  forge  shops  as  "firing". 
Furnace  hearths  and  the  forging  equipment  may  be  sources  for  steel  scale. 


Straightening .  Because  of  the  low  elastic  modulus  and  relatively  high  strength  )f 
titanium  alloys,  forgings  are  difficult  to  cold  straighten  either  by  coining  or  reverse 
bending.  Such  operations  are  usually  done  at  temperatures  between  700  and  !?00  F.  At 
times,  it  is  helpful  to  maintain  a  straightening  load  cn  a  forging  for  a  few  secoi.as  to 
take  advantage  of  "creep".  This  technique  is  especially  useful  for  reinoving  large 
warpages.  Creep-resistant  alloys  (e.  g. ,  Ti-5Al-2.  5Sn,  Ti-8Al-lMo-lV)  requj.re 
straightening  temperatures  upwards  of  1000  F,  especially  if  straightening  requi  viments 
are  severe.  Forgings  having  severely  contaminated  surfaces  are  apt  o  crack  during 
straightening.  Hence,  contamination  should  be  removed  beforehand. 


Forging  Technique.  The  successful  forging  of  titanium,  alloys,  particularly  tlie 
alpha-beta  t  pes,  depends  a  great  deal  on  the  forge-harr.mer  operator  i..c.d  the  choice  of 
equipment  'rapaci’-y.  Mo  .  -..^tter  how  carefully  tha  dies  are  designed  and  the  furnaces 
are  controlled,  the  operator  can  cause  beta  embrittlement  by  forging  a  part  too  .rapidly. 
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When  forging  disk  shapes ^  for  example,  it  is  often  desirab’e  to  allow  one  "free-swLig" 
of  the  rams  before  each  hamrr  ^r  blow,  uliis  allows  time  for  the  workpiece  tempera¬ 
ture  to  equalize.  It  is  also  desirable  to  avoid  "over-hammering"  or  using  larger  ham¬ 
mers  than  necessary  for  the  part.  Some  companies  will  intentic .lally  -'under -hammer" 
for  initial  breakdown  forging  operations  so  that  temperature  increases  v/ill  not  be  sig¬ 
nificant.  For  example,  a  disk  part  normally  requiring  a  15,000-ib  hammer  might  be 
blocked  in  a  12,000-lb  hammer  with  more  blows  and  then  finished  in  a  15,h00-lb 
hammer. 

COMMENTARY  ON  FORGING  OESIGN 


Design  principles  for  alpha  and  alpha-beta  titanium  alloys  fall  between  those  for 
alloy  steels  and  hot-cold  work  alloys  (e.  g. ,  16-2S-6  ste:  nalloyed  molybdenum).* 

The  designs  should  provide  an  adequate  amovnt  of  deformation  during  forging,  but  the 
reductions  need  not  b..  .  on.Tned  to  narrow  limits.  Because  the  beta  alloy  requires  pre¬ 
cise  control  of  reductions,  the  designs  are  limited  to  generously  conto\ired  shapes. 

The  size  of  titanium  forging  is  limited  only  by  the  equipment  available  throughout  the 
Industry.  Disk  shapes  as  large  as  70  inches  in  diameter  and  intricate  rib-and-web 
parts  over  4  feet  long  have  been  forged  successfully.  Some  examples  of  typical  parts 
forged  in  production  quantities  are  shown  in  Figure  14-14. 


Section  Size  Limitations.  Forgings  containing  massive  stetions  greater  than 
about  3  inches  thick  generally  exhibit  decreasing  strength  properties  with  increasing 
thickness.  This  is  due  primarily  to  slower  cooling  rates.  The  influence  on  alpha- 
beta  alloys  is  greater.  It  is  possible,  however,  to  reduce  large  sections  by  machining 
or  slotting  and  to  restore  properties  by  subsequent  heat  treatment.  Forgings  containing 
both  massive  and  thin  sections  exhibit  a  greater  tendency  for  hydrogen  contamination 
because  the  entire  forging  requires  longer  heating  times.  In  general,  designs  contain¬ 
ing  sections  larger  than  3  Inches  thick  should  not  contain  sections  smaller  than  about 
1  inch  thick.  For  the  heat-t*  ratable  v.lpha-beta  alloys,  it  is  important  to  avi'id  scvc.  e 
changes  in  section  size  to  maintain  a  uniform  heat  treatment  response.  These  alloys 
exhibit  optimum  heat  treatment  response  in  section  thicknesses  smaller  than  1  inch, 


Tolerances.  Producibility  of  close-tolerance,  precision  titanium -a Hoy  forgings 
has  been  proven.  However,  owing  to  such  factors  as  excessive  die  wear,  the  need 
for  expensive  toolitig,  problems  of  microstructure  control  and  contamination,  the  cost 
of  close -tolersmce  forging  is  usually  prohibitive.  Metallurgical  quality  is  c.lso  some¬ 
times  compromised  if  several  dies  arc  nei  4sd  to  iccomplish  the  forging.  Successful 
precision  forging,  therefore,  is  confined  to  small  forgings,  such  as  blades  and  fittings, 
that  do  not  have  complex  flow  patterns.  An  example  of  a  close-tolerance  blade  forging 
is  shown  in  Figure  14-15.  Close-tolerance  specifications  should  b*  avoided  on  rib  and 
web  designs,  since  the  metal  flow  in  these  designs  usually  preclud-...^  the  use  c>f  several 
dies. 


*Foiging  detlgns  U'C  tittniutn  aUoyi  are  dacrihed  in  considerable  detail  in  Chapter  4, 
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FIGUftC  14-15.  CLOSe-TOLCRANCe  FORCING  OF  Ti-5A1-4V  ALLOY  RLADCS 

Foififif  <1)  •xlrw4«  oft^  (2)  bl*ck, 

<3)  linUh  Olid  trim,  oi^  (4)  r*ln 
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IRON-iASE  SUPERALIOYS 


CrytMilin*  Straafur*; 

1 

Fac»>cent*r*cl  cubic 

Fliata  Ciiane**: 

Nana 

Nuinbat  af  Fkaaa*: 

On*  at  forging  tamparotur* 

SaliAaa  Tamearahira  Raaaai 

2250  to  2500  F 

Raactiana  Whan  Haalad  In  Alri 

Oxidli*  ilewly 

ALLOYS  AND  FORMS  AVAILABLE 


Iron'-base  auperalloya  generally  compriae  a  claaa  of  auatenitlr;  atalnloaa  ataela  that 
contain  about  25  to  35  per  cent  nickel,  15  per  cent  chromium,  and  imaller  amo-inta  of 
molybdenum,  tungaten,  and  ether  elementa.  There  are  exceptione  to  thia,  however;  one 
alloy  (19>9DLi)  ia  a  modification  of  18-8  atainleaa.  Nominal  compoaitiona  of  aaveral 
typical  iron-baae  auperalloya  are  given  in  Table  15-1.  AUoya  of  thia  type  have  been  uaed 
extenaively  aa  forginga  for  turbine  and  compreaeor  componanta  in  Jet  enginea.  Becauae 
they  contain  reactive  elemente  (e.g. ,  titanium,  aluminum),  theae  alloya  are  commonly 
melted  under  vacuum  in  either  arc  or  inductieu  furnacea  to  avoid  oxidation  loaaea. 

Forging  atock  ia  coimnonly  prepared  by  conaumable-electrode  melting  either  in  vacuum 
or  under  a  alag  cover  (Kellogg  pmeeae).  Thia  la  done  to  aaaure  a  high  degree  of  cl«r)>.rL' 
nee  a  and  uniform  forgeability, 

TAM  18-1.  NOMINAL  COMPOSITIONS  OF  SCVIRAL  IRON-BASI  SUFBRALIOYS 


Ooineqitiloo.  welahi  pw  cut 


Alloy 

c 

Mn 

St 

Q 

Ni 

Mo 

Tt 

A1 

W 

Olhci* 

Fa 

A-386 

0.08 

1.3.5 

0.  SO 

18.0 

26.0 

1.28 

2.0 

0.28 

— 

0.3  V 

Bai 

V-57 

0. 08<*> 

0.28<*> 

0. 58 

15.0 

28.8 

..28 

3.0 

0.25 

- 

0.3  V 
0.008B 

Bal 

M-308 

0. 08 

- 

- 

14.0 

32.8 

4.0 

2.2 

0.30 

6.5 

0. 0045 

0.2SZr 

Bal 

W-848 

0.08 

1.8 

0.40 

13.8 

26.0 

1.8 

2.8 

0.20 

— 

0.08B 

Bal 

Dlacaloy 

0.06 

1.0 

0.70 

14.0 

26.0 

3.0 

1.7 

0.28 

-- 

S»i 

16-28-6 

0, 06 

1.38 

0. 70 

16,0 

28.0 

6.0 

•• 

-- 

- 

1...  18N 

Bai 

:9-»DL 

0.30 

1.10 

0.6 

18.0 

9.0 

1.28 

0.3 

1.28 

0. 4C!>t7* 

Bat 

(«)  Indicate*  maximum. 


Irou-b.'-ac  nupcralloya  derive  their  atrength  by  one  or  more  of  the  toilowing 
mechaniam.-i;  (1)  aolid-s. .  ution  hardening,  (2)  precipitation  hardening,  and  (3)  work 
hardening.  The  baaic  atrength  of  iron  la  increased  by  additions  of  soluble  elements 
(e.g. ,  chromium,  nickel,  molybdenum,  etc. ),  each  of  the  elements  contributing  to  the 
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ultimate  strengtii  level  of  the  .  .lal  aoHd  solution.  Since  the  eleir.onts  .ire  compUtcl  clis- 
Bolved  and  form  a  homogeneous  single-ph  ■  se  alloy,  they  do  not  affect  forgeability  to  any 
great  extent.  However,  tlieee  elements  raise  the  recry  stallization  temperature s ,  thus 
iiicreasiin;  the  minimum  hot-working  temperatures  over  that  of  iron. 

The  precipitation  hardening  of  austenitic  iron-base  alloys  occurs  by  the  precipita¬ 
tion  of  intermetallic  compounds  and  phases  formed  from  alloy  additions  like  aluminum 
and  titanium  —  elements  that  are  not  completely  soluble  in  iron.  These  coi-npounds  and 
phases  exhibit  increasing  solubility  1th  increasing  temperatures  a.id  dissolve  completely 
at  temperatures  approaching  1800  F,  thus  permitting  the  classical  strengthening  by  solu¬ 
tion  heat  treating  and  aging.  In  the  A-236  alloy,  the  chief  hardening  constituents  nre  the 
intermetallic  compounds  NijA.l  and  Ni3(Al,Ti),  vhich  precipitate  at  temperatures  in  the 
vicinity  of  1300  F.  Some  carbide  precipitation  may  also  occur  at  the  iigin^'’  temperature 
and  may  contribute  slightly  to  the  strengthening  of  the  steels. 

Until  about  19S5,  it  was  believed  that  boron,  if  present  in  the  alloys,  contributed 
little  if  at  all  to  the  strength.  Since  that  time,  it  hes  become  evident  that  boron  plsys  an 
important  role  in  the  precipitation  of  the  NigAl  compound,'^)  In  the  absence  of  boron, 
this  compound  precipitates  in  a  coarse,  lamellar  fashion  rather  than  as  a  finely  divided, 
uniform  precipitation.  The  alloy  is  significantly  weakened  when  this  occurs.  Lamellar 
precipitation  is  accelerated  by  prior  cold  work,  particularly  when  solution-heat-treated 
forgings  are  cold  coined  or  straightened  prior  to  aging.  If  the  alloys  contain  small 
amounts  (0.  001  per  cent  or  more)  of  boron,  this  problem  ie  virtually  eliminated. 

Since  the  19-90L  and  16-25-6  alloys  contain  essentially  no  precipitation  hardeners, 
their  high  recryatallization  temperature  permits  the  alloys  to  be  strengthened  by  hot-cold 
working  at  temperatures  between  about  1200  F  and  1700  F,  Hot-cold  working  improves 
the  elevated-temperature  strengths  and  stress- rupture  properties  of  these  alloy*  fur 
service  at  temperatures  up  to  about  1000  F.  By  comparison,  the  heat-treatable  elloys 
such  as  A-286  retain  equivalent  strength  levels  and  stress-rupture  properties  in  the 
temperature  range  from  about  1200  F  to  KOO  F. 

Billets  for  forging  are  generally  .'urnished  as  press-forged  squares  or  as  hot- 
rolled  rounds  depending  on  size  requirements.  Some  forging  companies  use  as-cast 
ingots  for  die  forging. 


FORGING  BEHAVIOR 


Cleanliness  of  the  iron-base  superalloys  has  probably  the  greatest  intlnor.cc  on  hot 
forgeability.  The  elloys  containing  reactive  elements  (e.g.  ,  titar.ium  and  a'lp.ninum)  can 
develop  nitride  and  carbonitride  segregation  that  later  show  up  as  .*tringers  in  wroug'... 
bars,  especially  in  air-melted  heato.  These  stringers  cause  poor  forgeability  on  billets 
upset  forged  under  the  best  of  conditions.  The  pancake  forgings  in  Figure  IS-  *  illustrate 
the  relative  forgeability  of  air-melted  and  vacuum-melted  A-286  ir  isrials.  The  7.pp<‘ar- 
ance  of  stringera  in  the  micro  structure  of  air-melted  material  is  ill«strated  by  the 
typical  structures  of  the  forgings. 

Temperatures  and  strain  rates  also  have  an  importatit  influeucc  o.i  torgeability  of 
iron-base  superalloys.  Experiments  at  Battcllol®)  h.<vb  shown  that  ‘  lO  A-286  alloy  is 
quite  fory.euble  betwec'  MOO  F  and  2200  F  at  pressing  speeds,  of  1.  5  inches  per  second. 
When  forged  at  about  250  inches  per  second,  however,  the  alloy  shatters  at.  1400  F  and. 
exhibits  evidence  of  hot  shortness  at  2200  F.  Between  1600  and  2000  F,  forgeabilities 
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at  these  two  rates  were  compurabJ.e,  Thus,  strain  rate  or  Hefo'rmation  rate  tends  to 
narrow  the  hot-working  temperature  ran^e  for  the  A-286  and  similar  alloys. 

Below  about  1600  F,  moat  of  the  iron-base  auperalloys  exi-ibit  precipitation  reac¬ 
tions  that  reduce  forgeability.  This  i».  reflected  by  a  marked  drop  in  elevated-tempera¬ 
ture  ductiT'ty,  Figure  15-2  compares  the  tensile  elongations  at  elevated  temperatures  of 
Discaloy  and  A- 286  with  two  austenitic  stainless  steels.  Such  graphs  are  useful  for 
predicting  forging  temperatures.  V'^we'-er,  it  is  believed  that  hot  impact- tensile  tested’ 
give  a  truer  index  of  the  relative  ductility  at  temperatures  in  the  hot-working  range  and 
at  strain  rates  comparable  to  forging  rates.  Figure  15-3  shows  how  the  ductility  of  the 
V-57  alloy,  as  measured  by  hot  impact-tensile  tests,  drops  sharply  in  the  precipitation 
temperature  range.  These  data  indicate  tha.  *'v;  optimum  forging  temperature  for 
V-57  is  between  1700  F  and  2000  F. 

Because  of  their  high  aging  temperatures,  the  iron-base  superalloys  retain  high 
strengths  at  comparatively  high  temperature  s.  Figure  15-4  compares  the  typical 
elevated-temperature  'ensile  strengths  of  two  of  these  superalloys  with  that  of  Type  304 
stainless  steel.  Such  curves,  however,  do  not  adequately  reflect  the  forging-pressure 
requirements  for  these  alloys.  Upset  forgin,:  stu''.fs  at  Battolle  showed  that  forging 
pressures  increase  as  much  as  SO  per  cent  w.tUi  increasing  reductions,  even  at  tempera¬ 
tures  of  2000  to  2200  F.  As  shown  in  Figure  15-5,  the  actual  forging  pressures  may  be 
from  two  to  four  tim-ss  ji,.'eater  than  tli.i  tensile  strengths  at  corresponding  temperatures. 

Strcfui  rates  or  -.afo.’ mation  rat, as  have  important  influences  on  the  forging  pres¬ 
sures  of  these  steels,  .Figure  15-6  shows  that  the  forging  presture  for  A-2U6  alloy 
increases  significantly  wtth  a  lO-fold  increase  in  strain  rato  that  is  typical  of  the  rates 
common  to  preasec.  Si-niUrly  the  ex»ccific  energy  required  for  upsetting  increases  with 
increasing  rato.  It  is  shown  in  Figure  15-7  that  increasing  energy  is  required  lor 
increasing  strain  rates  (encompassing  both  presses  and  hammers)  at  each  temperature, 
and  that  the  percentage  increase  becomes  nwre  significant  at  the  higher  temperatures. 

For  all  practical  purposes,  the  iron-base  superalloys  exhibit  essentially  the  samt* 
level  of  forging  pressure.  /  forging  temperatures  they  require  slightly  greater  forging 
pressures  than  the  18-8  stainless  grades.  However,  because  the  forging  temperature 
range  is  narrower,  forging  companies  usually  allow  for  10-20  per  cent  larger  equipment 
capacity. 


COMMENTARY  ON  FORGiNC  PRACTICES 

During  the  early  19S0's,  the  die  forging  of  iron-base  supcr^'lloys  was  complicated 
by  many  intermediate  steps  needed  for  removing  ruptures  caused  hy  segreg«.tIori  m  Ih, 
ingots.  Since  that  time,  segregation  has  been  virtually  eliminated  through  advanced 
melting  techniques.  The  alloys  may  now  be  forged  in  a  greater  variety  of  configurations 
with  heavier  reductions,  approaching  the  forgeability  of  austenitic  »'»?inleit  steels.  The 
rib-and-web  forging  shown  in  Figure  15-8,  for  example,  illustrates  the  complex  pxrtr 
made  recently  from  vacuum- melted  A-286.  To  forge  auch  parts  from  the  er  .li*r  air- 
melted  alloys  would  have  u.ipractica]  because  oi  the  nka;>y  painsraking  intc.  mediate 

operations  normally  required. Figure  15-9  shows  a  landing  arrss.or  hooK  also  forged 
f;;.m  the  A-286  alloy.  Thus,  it  can  be  seen  that  many  cdvances  can  made  toward 
iniprovi'-^  tl.e  forging  ouslity  of  alloys  that  may,  at  on-r.  time,  be  considered  e.xtremely 
difficult  Vo  forge. 


•The  hot  iinptci-'e;Hile  te«  fot  fctgc.vbiUly  it  detetibed  in  Chepcer  6. 
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PI6URE  15-4. 
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Selection  of  Forging  Temperature  a.  Wl. 'n  selecting  the  forging  temperatures  for 
these  alloys,  it  is  important  to  consider  such  factors  as  the  amount  and  rate  of  reduc¬ 
tion,  and  the  starting  billet  condition  (as-cast  or  wrought).  Since  thu.  alloy':  do  not  trans¬ 
form,  grain  size  is  controlled  entirely  by  the  amount  and  temperature  of  reduction  pre¬ 
ceding  the  solution-annealing  treatments.  The  A-286  alloy,  for  example,  can  be  forged 
at  temperatures  as  high  as  2200  F.  In  practice,  however,  forging  temperatures  between 
1950  F  and  2050  F  are  preferred  to  avoid  possible  incipient  melting  and  to  prevent  exces¬ 
sive  grain  growth.  Table  15-2  lists  grain  sizes  for  the  A-286  alloy  after  forging  at 
various  temperatures  and  at  reductions  from  10  to  60  per  cent,  both  before  and  after  heat 
treatment.  These  data  show  how  the  as-forged  grain  size  increases  with  increasing 
forging  temperature  and  decreases  with  increasing  .inductions.  The  grain  size  of  forg¬ 
ings  of  these  alloys  is  also  affected  by  any  subsequent  annealing.  In  this  case,  the 
temperature  and  degree  of  forging  and  the  temperature  and  time  of  annealing  govern  the 
grain  size  obtained.  Actually,  the  intermediate  forging  temperature  of  190,9  F  give  >o 
most  uni.form  annealed  grain  size  although  not  necessarily  the  smallest. 

TABLE  16-2.  DIFUIENCE  OF  FORtilMG  TEMFERATURF  AND  REDUCTION  ON  THE  GRAIN  SIZE 
OF  A-286  ALLOY  IN  THE  AS-FORGED  AND  ANNEALED  CONDITIONS 


ASTM  griin  ilze  of  ti-iecelved  bat*  7.6  to  8. 


Forging 

Tempersrure, 

F 

Condition  of  Sstnple 

ASTM  Griin  Size  *t  Given 
Per  Cent  Reductior/ •  •  **) 

10 

20 

40 

60 

1800 

As  forged 

7.5,  8 

8,  6 

<o 

CO 

00 

1960  F,  1/S  hr 

4,  2 

4,  3 

4.  4.6 

6.6,  4,6 

1900 

'  As  forged 

6,  6.5 

6,  6.6 

7.  6 

6,  6 

1960  F,  1/2  hr 

3.6,  4.6 

4.6,  6 

4,  0 

4*  3e  !) 

2000 

As  forged.^ 

3|  2 

3,  2.6 

3.  4,6 

4,  4.6 

1980  F,  1/2  hr 

3,  2 

3 

3,6,  4,6 

6,  4.6 

(a)  Pint  numerical  tatlng  Indk  ;et  ptedomiiiating  grain  size;  lecond  number  indicate!  that 
there  were  a  number  of  gtalm  of  thia  tize, 

(b)  Rating!  repreient  average  values  for  three  observations  made  by  two  observers. 


As-cast  ingots  of  iron-base  superelloys  generally  contain  coarse  columnar  grains 
that  cause  poor  forgeability.  For  turbine  and  compressor  disks,  such  materials  cannot 
ordinarily  be  forged  directly  with  large  reduction.  Rather,  opposed  coni<-=>l  preform 
dies  are  often  used  to  impact  small  but  uniform  strains  throughout  the  ingot  (see 
Chapter  6).  Temperatures  for  this  operation  are  generally  lower  than  normal  to  insure 
that  the  strained  metal  will  recrystallize  to  a  fi.ier  grain  size  during  subsequent  i  saling 
operations.  It  is  sometimes  helpful  to  anneal  the  preform  at  the  maximum  forging 
temperatures  (2050  F  for  A-286),  before  continuing  the  forging  operation.  This  hastens 
the  recrystallization  process  and  permits  uniform  forgeability. 

For  wrought  materials  forging  temperatures  are  normally  adjusted  accord'ng  to  the 
amount  of  reduction  the  forging  receives.  Recommended  forging  ter.’.perataves  lo.r 
several  precipitation-hardenable  iron-base  swperalloys  are  given  in  Tabl.:  1.'.^  2. 

The  ho*“Ccld  W’ork  grades  (i.  e.  ,  19-9DL,  16-25-5)  are  normally  fimsh  forged  with 
25  to  50  per  cent  reduction  at  temperatures  betwien  1200  F  and  1700  F,  and  air  cooled. 
This  is  done  ordinarily  to  achieve  30  to  40  per  cent  higher  yield  strengths  along  with 
satisfactory  crc&p-rupture  strength  at  the  maximum  operating  temperatures  than  if 
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fully  annealed.  Typical  room-temperature  strengths  and  hardnesses  for  hot-cold  forged 
16-25-6  alloy  are  given  below; 


Condition  _ 

Annealed  at  2100  F 
Hot-cold  forged  25%  at  1700  F 
Kot-cold  forged  23%  at  1200  F 


Tensile  Strength,  psi 

0.2%  Hardness, 

Ultimate  Yield  Brinell 

120,000  82,000  2C7 

138,000  111,000  279 

162,000  143,000  326 


These  data  show  that  much  higher  strengths  can  be  xchieved  when  this  alloy  is  forged  at 
lov/er  temperatures  with  comparable  levels  of  reduction.  Ordinarily,  the  16-25-6  and 
19-9DL  alloys  are  hot-cold  finish  forged  in  the  vicinity  of  1500  F  with  reductions  of  about 
25  per  cent. 

TABLE  15-3.  FORGING  TEMPERATURES  RECOMMENDED  FOR  SEVERAL  WROUGHT  SUPERALLOYS 


Alloy 

Msximum 

Forging 

Temperature,  F 

Recommended  ForginK  Temperature  for  Indicated  Reduction 

.  F 

Light  (Up  to  16<!b) 

Modetate  ( 16-50%) 

I.arge(A)  (Over  50‘/o) 

Variabldh) 

A-m 

2200 

1950 

2000 

2050 

1950 

V-67 

2160 

1950 

2000 

.  f.060  • 

2000 

Dlicaloy 

2200 

1900 

2000 

2060 

1900 

M-308 

2160 

2000 

2050 

•- 

(*)  If  foigingi  undergo  Urge  rec'icUonr  at  rapid  deformatiun  rater  (e.  g. ,  In  mechanical  prerrei  or  hlgh-enetgy-taie 
michlner),  SO  co  100  P  lower  temperatures  are  recommended. 


(b)  This  refers  to  focgings  containing  widely  differing  reductions.  End  upseu,  for  example,  undergo  sixeable  reductions 
on  the  head  end  while  the  shaft  end  remains  essentially  undeformed. 


Heat  Treatment.  The  precipitacion-hardenable  iron-base  superalloys  must  h- 
heat  treated  after  forging  to  e.chioit  maximum  strength,  The  heat  treatment  usually 
sists  of  an  anneal  at  about  1900  to  1950  F  followed  by  an  aging  treatment  at  about  1200  to 
1300  F.  Such  heat  treatment  is  normally  performed  in  an  air  atmosphere  furnace.  Air 
cooling  after  heat  treating  is  recommended,  although  oil  or  water  quenching  may  be  em¬ 
ployed  after  annealing  heavy  sections.  Heat  treatipent  in  a  so-called  reducing  atmo¬ 
sphere  will  not  prevent  scaling  and  may  cause  contamination  from  carbon  or  nitrogen. 
Furthermore,  the  scale  formed  by  nonoxidiring  environments  ic  psvt- ..  uriy  difficult 
to  remove  by  pickling. 
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-  ALLOYS  AND  FORMS  AVAILABLE 


The  physical  metallurgy  of  cobalt-base  alloys  is  similar  in  many  respects  to  that 
of  the  iron- base  superalloys.  Solid- solution  hardening  can  be  achieved  by  s  ich  alloy 
additions  as  chromium,  tungsten,  molybdenum,  and  columbium.  Also,  the  alloys  can 
be  precipitation  hardened  by  the  addition  of  titanium,  Nominal  compositions  of  several 
iR>portant  wrought  cobalt-base  superalloys  are  given  in  Table  16-1.  Included  are  data 
useful  for  predicting  forging  behavior  of  each  alloy. 


TABLE  16-1.  NOMINAL  COMPOCITIONS  AND  FORGING  CH.ARACTERISTICS 
OF  SF  JRAL  COB/.LT-BASE  SUPERALLOYS 


Alloy  Designation 

V-36 

S-816 

L-805(HA-2B) 

J-1570 

J-16S0 

Nonrintl  Compoiitlon,  ^ 

0,30C 

0.38C 

0.  IOC 

0.20C 

0.20C 

2SCr 

20C) 

20Cr 

20Ct 

19Ci 

20NI 

20Ni 

lONi 

28Ni 

26Ni 

4,  OMo 

4.  OK'io 

15W 

7.  ov; 

12W 

2.0W 

4,0W 

l.OFe 

4.0Ti 

2.  OCb 

2.  OCb 

4.  OCb 

t.SMn 

4.0Ti 

3.0Fe 

3.0Fe 

0.  02k' 

1.  OMn 

1.2Mn 

Forging  Tempetotute,  F 

Range 

1600-2250 

1600-2250 

1600-2300 

ld00-2v,00 

1350-'.!200 

Recommended 

2200 

2150 

2250 

2160 

tO... 

Re'ative  Forgeability 

Presses 

— 

Good 

Fail 

- 

” 

Hamm-:rj 

Good 

Good 

Good 

Fair 

Fair 
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Although  cobalt-base  alloys  are  st.  tngthened  at  elevated  temperatures  by  solid - 
solution  hardening  and  carbide  precipitation,  their  strengths  mi'y  be  increased  e/en  fur¬ 
ther  by  either  hot-cold  working  or  precipitation  of  the  intermeta'lic  compound  Ni3Ti.(^>2) 
From  the  standpoint  of  forging  applications,  the  ability  to  strengthen  the  alloys  by  pre¬ 
cipitation  hardening  is  an  advantage  since  hot-coid  working  is  difficult  to  control  in 
forged  shapes.  Thus,  the  V-36,  S-816,  and  1.-605  alloys  are  ordinarily  hot  forged  and 
subsequently  annealed.  The  heat-treatable  J-1570  and  j-1650  alloys  are  solution  an¬ 
nealed  and  aged  in  a  manner  similar  to  the  iron-base  superalloys. 

The  solid-solution  and  carbide-precipitation- hardened  alloys  are  generally  melted 
with  practices  similar  to  those  for  austenitic  s*- inlass  steel.  The  precipitaiiun-  ■ 
hardenable  alloys  containing  titanium,  however,  are  ordinarily  vacuum  melted.  Billets 
are  usually  supplied  in  wrought  forms  for  subsequent  forging.  Cobalt -base  alloys  are 
not  widely  used  in  the  form  of  forgings  except  in  the  case  of  blades  and  buckets  for  turbo¬ 
jet  applications.  While  cobalt-base  alloys,  rs  a  group,  possess  elevated-temperature 
strengths  comparable  to  nickel-base  alloys,  the  latter  group  has  been  more  widely  used 
for  large  forgings. 


FORGING  BEHAVIOR 


Clark(3)  has  pointed  out  that  the  requirements  related  to  service  conditions  and  hot 
processing  are  diametrically  opposed  as  far  as  wrought  superal.  oys  are  concerned.  In 
the  one  case,  it  Is  desired  to  have  as  high  a  degree  of  strength  as  possible  at  the  operat¬ 
ing  temperature,  whereas  at  the  other,  a  suitable  degree  of  plasticity  is  required  at  the 
processing  temperature.  In  the  cobalt-base  superalloys  this  problem  is  complicated  by  ~ 
the  fact  that  high  alloy  contents,  which  impart  good  properties,  often  decrease  their  per¬ 
missible  hot-working  range,  so  that  processihg  and  operating  temperatures  are  brought 
closer  together.  ^ 

Many  of  the  cobalt-base  alloys  cannot  be  forged  successfully.  Compared  with  lue* 
iron-base  superalloys,  the  cobalt-base  superalloys  ordinarily  contain  more  carbon  and, 
therefore,  greater  quantities  of  hard  metallic  carbides  which  lead  to  forgeability  prob¬ 
lems.  Of  the  alloys  which  can  be  wrought  (Table  16-1),  the  forging  behavior  can  be 
classified  into  two  groups  according  to  the  hardening  mechanism; 

Solid-Solution  and  Carbide-Preetpitation-Hardened  Alloys,  The  V-36, 

S-816,  and  L.-605  alloys  exhibit  fairly  good  forgeability  over  a  latner  wide 
range  of  temperatures  from  about  1600  F  to  2300  F.  In  this  respect  hie 
alloys  are  comparable  to  iron-base  s^merallcys  such  as  19-iDLi  and  16  25-6, 
but  the  forging  pressures  are  on  ttve  order  of  three  to  four  times  greater  for 
the  cobalt-base  alloys. 

Precipitation-Hardened  Alloys.  The  J-1570  and  J-1650  -.Hoys  also  ex¬ 
hibit  fairly  good  forgeability,  but  their  forging  temperature  range  is  nar¬ 
rower  —  between  about  1800  F  and  2200  F.  Oiitsidfi  this  nrnge  the  forgeal-  lity 
of  the  alloys  is  limited  eiiher  by  the  onset  of  precipitation  or  by  'h- 
of  low-melting  constituents.  In  this  respect,  these  alloys  compare  with  such 
iron-base  superalloys  as  A-286  and  M-308.  Tha  forging  pressures  required 
are  similar  to  th  ".cner  cobalt-base  alloys. 


Figure  16-1  comparea  the  elevated-temperature  strength  and  ductility  of  several 
wrought  cobalt-base  tuperalloya  with  the  A-286  iron-base  superalloy,  Hera  it  can  be 
seen  that  the  cobalt-base  alloys  are  considerably  stronger  and  tar  less  ductile  than  the 
A-286  alloy  at  forging  temperatures.  These  data  also  show  how  the  ductility  (and  the 
forgeability)  of  the  J-1650  alloy  markedly  Improves  above  1800  F  where  precipitated 
intermetalllc  compounds  begin  to  dissolve. 


COMMENTARY  ON  FORCING  PRACTICES 


Of  the  cobalt-base  superalloys,  those  most  wide.y  used  in  the  form  of  iorgings  are 
S-816  and  L-605.  Even  when  forged  at  their  upper  forging  temperatures,  these  alloys 
exhibit  work-hardening  behavior;  thus,  forging-pressure  requirements  increase  with  in¬ 
creasing  reductions.  Accordingly,  the  alloys  generally  require  frequent  reheating  during 
forging.  This  promotes  recrystalliaation  and  lowers  the  forging  pressure  for  succeeding 
steps,  oarface  cracks  occurring  during  forging  are  generally  removed  mechanically 
between  these  forging  steps. 

Forging  conditions  (temperature  and  reduction)  have  an  important  effect  on  the 
grain  sise  of  cobalt-base  superalloys.  Since  many  characteristics,  particularly  low 
ductility,  notch  brittleness,  and  low  fatigue  strength  are  associated  with  coarse  grains, 
the  proper  control  of  working  and  final  heat  treatment  is  very  important. 


Selection  of  Forging  Temperatures.  Cobalt-base  superalloys  are  subject  to  grain 
growth  when  heated  to  temperatures  above  about  2150  F.  The  alloys  heat  rather  slowly 
and  require  long  soaking  times  for  temperature  uniformity.  Forging  temperatures  (and 
reductions),  therefore,  depend  on  the  type  of  forging  operation  and  the  part  configuration. 

The  alloys  are  usually  forged  with  small  reductions  in  initial  breakdown  operations. 
The  reductions  are  selected  to  impart  sufficient  strain  to  the  metal  so  that  reciystalliza- 
tion  (and  usually  grain  refinement)  will  occur  during  subsequent  reheating.  Since  the 
partially  forged  section  siac  is  smaller,  shorter  times  are  necessary  to  reach  tempera¬ 
ture  uniformity,  and  reheating  temperatures  are  sometimes  50  F  to  150  F  higher  than 
for  the  initial  forging  operation.  If  the  part  receives  only  small  reductions  in  the  subse¬ 
quent  forging  steps,  however,  it  is  important  to  continue  forging  at  the  lower  tempera¬ 
tures.  These  small  reductions  must  exceed  about  5  per  cent,  however,  avoid  abnor¬ 
mal  grain  growth  during  subsequent  annealing. (^)  Forging  temperature  recommended  for 
two  types  of  parts  reflect  these  consideration,'.: 


Typtcil 

rxconureDdeU  runUng  Tempetataiet 

Operstion* 

S-81t 

L-«05(HA-29) 

J-1870 

Diik  Fotsing 

Upwi  No.  1 

2190 

2190 

2100 

Upiet  No.  2 

2290 

2290 

2200 

Block 

2200 

2200 

2 ’.50 

Finiih 

2200 

2200 

2190 

DUk  with  Integr*!  Shaft 

Dt«v  '  Mi 

2190 

2190 

2100 

Soil  ihhfl 

2290 

2290 

2190 

Block 

2190 

2190 

2100 

Finid! 

2190 

2190 

2100 

(Annesl) 

(2190) 

(2200) 

(2190) 

25!  and  252 


In  forging  the  disk  with  an  integral  shaft,  ordinarily  the  deformation  given  to  the  shaft  is 
compi«te  after  the  rolling  operation.  Thus,  the  shaft  remains  undeformed  while  the  disk 
portion  is  being  worked.  In  this  final  operation,  the  lower  forging  temperature  is  impor¬ 
tant  for  preventing  grain  growth  in  the  shaft.  Under  these  circumstances,  it  is  good 
practice  to  maintain  subsequent  forging  temperatures  below  the  annealing  temperatures 
given  in  parentheses. 


Control  of  Reduction.  The  final  grain  siae  obtained  in  wrought  cobalt-base  super- 
alloys  is  controlled  by  the  amount  of  reduction.  For  cings  containing  regions  that  receive, 
"critical"  reductions  (between  1  and  5  per  cent)  are  subject  to  abnormal  grain  growth 
upon  subsequent  annealing.  The  preferred  practice  consists  of  forging  with  reductions 
of  greater  than  about  20  per  cent  to  avoid  such  regions.  It  is  worth  noting  that  forgings 
that  are  restruck  in  finish  dies  are  particularly  sensitive  to  abnormal  grain  growth. 


Desijj.i.  Large  forgings  from  cobalt-base  alloys  are  generally  designed  with  gen¬ 
erous  contours  and  with  a  minimum  of  detail.  Blades,  on  the  other  hand,  may  be  forged 
to  tViln  sections  as  long  as  the  blades  contain  no  abrupt  changes  in  section  size. 
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ALLOYS  AND  FORMS  AVAILABLE 

Nickel-base  superalloys  comprise  a  family  of  compositions  that  has  grown  re¬ 
markably  in  the  past  decade.  Initially,  the  alloys  consisted  of  a  few,  rather  simple 
nickel-chromium  alloys  hardened  by  small  additions  of  titanium  and  aluminum.  These 
alloys  were  useful  for  service  temperatures  up  to  about  1400  F.  With  the  development 
of  production  vacuum-melting  techniques,  it  has  become  possible  to  produce  workable 
alloys  containing  relatively  large  amounts  of  titanium,  aluminum,  zirconium,  colum- 
bium,  and  other  reactive  elements.  The  levels  of  gaseous  elements  (e.g. ,  nitxogen  and 
oxygen)  are  reduced  by  vacuum  •neltingi  this  eliminates  most  of  the  nitrides  and  oxides 
that  otherwise  contribute  to  poor  workability.  Hence,  the  second  generation  of  nickel- 
base  superalloys  consists  of  numerous  compositions  containing  larger  amounts  of  hard¬ 
ening  elements.  Such  alloys  as  Waspaloy,  Rene  41,  Astroloy,  and  Udimet  700  have  ex¬ 
tended  the  service-temperature  range  upwards  to  1800  F ,  offering  useful  strengths 
closer  to  the  melting  range  than  most  other  alloy  systems. 

Table  17-1  lists  nominal  compositions  for  several  commonly  forged  nickel-base 
superalloys.  The  alloys  having  the  highest  ubeful  service  temperatures  are  generally 
those  containing  highest  levels  of  aluminum,  titanium,  and  other  reactive  element j. 
They  also  are  the  most  difficult  to  forge.  These  alloys  are  strengthened  by  three  basic 
mechanisms; 

(1)  Solid-solution  hardening 

(2)  Precipitation  hardsnins- 

(3)  Complex  hardening  derived  from  small  borov;  ami 
zirconium  addi*icns. 

It  IS  important  t.o  review  these  mechanisms  because  they  play  important  roles  in  the 
forging  behavior  of  superalloys. 
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TABLE  n-1.  NOMINAL  COMPOSITION  L"  SEVERAL  WROUGHT  NICKEL-BASE  SUPERALLOYS 


Nominal  Compoiltion,  weight  pot  cent 


A  Hoy  uetiKnatlon 

C 

Cr 

Ni 

Mo 

M 

Tl 

Co 

Fe 

B 

It 

Mn 

Si 

OHici) 

lltsinlloy  Alloy  W 

0.10 

6,0 

Bal 

25.0 

-- 

1.5 

5.0 

... 

0.6 

0.6 

0.26  V 

Nlmonlc  Alloy  80  A 

0. 10 

20.5 

Bbl 

'  • 

0.20 

0.35 

— 

0,6 

— 

0.5 

0.6 

Hattelloy  Alloy  X 

0. 10 

22.0 

Bal 

8.0 

— 

— 

1.6 

18.5 

-- 

— 

0.  j? 

0.6 

0.6  W 

Inconel  Alloy  718 

0.04 

19.0 

52.6 

a.v 

0.6 

0.8 

-- 

18.0 

-- 

0.2 

0.2 

6.2  Cb 

Incoloy  Alloy  901 

0.05 

13.5 

42.7 

6.2 

0.2b 

2.6 

l.C 

34.0 

Tiace 

-- 

0.46 

0.4 

-- 

Inconel  Alloy 

0.04 

15.0 

Bal 

— 

0.6 

2.4 

0.4 

6.5 

0.6 

0.2 

0.35  Cb 

X-760 

D-879 

0.04 

16.0 

45.0 

4.0 

1.0 

3.0 

-• 

27.0 

0,01 

•B 

0.4 

0.4 

-..0  W 

Hutelloy  Alloy 

0.10 

16.0 

Bal 

5.6 

2.0 

2.6 

1.9 

10.0 

Trace 

•• 

C  26 

0.5 

R-235 

M-2fi2 

0.11 

19.0 

Ba) 

9.5 

1.0 

2.5 

10.0 

2.6 

0.00b 

0.2 

0.3 

WMpaloy 

0,06 

19.6 

Bal 

4.2 

1.2 

3.0 

13.5 

1.0 

0,08 

0.08 

0.6 

0.4 

Rene'‘U 

0.09 

19.0 

Bal 

8.6 

1.5 

-.2 

tl.O 

B  m 

0.006 

0.01 

0.02 

Inconel  Alloy  700 

0. 12 

’T-.U 

Bal 

3.8 

3.0 

2.2 

28.6 

0.7 

•• 

0.1 

0.3 

Udimet  000 

0.09 

10,0 

Bal 

4.0 

2.8 

3.0 

17,0 

2.0 

0.008 

-*■ 

-- 

Udlmel  loO 

0.09 

16.0 

Bal 

6.2 

4.2 

3.6 

18.6 

0.6 

0.008 

-- 

-- 

Aiboloy 

0.06 

16.6 

Bal 

6.3 

4.6 

3.6 

15.6 

0.2 

0,030 

0,05 

0.3 

UnilSRip  1763 

0.25 

16.6 

Bal 

1.6 

2.0 

3.2 

7.6 

8.6 

0,008 

0.06 

8.6  W 

Siilid- solution  hardening  of  nickel  is  not  different  from  that  of  other  metals.  The 
strength  of  nickel  is  increased  by  additions  of  soluble  elements  such  as  chromium, 
molybdenum,  and  tungsten.  Each  of  these  elements  contributes  to  the  strength  of  the 
final  complex  solid  solution.  Since  the  elements  are  completely  dissolved  and  form  a 
homogeneous,  single-phase  alloy,  they  do  not  affect  the  forgeability  of  the  alloy  to  any 
great  extent.  However,  the  additions  raise  the  recrystallization  temperatures,  thereby 
raising  the  minimum  hot-working  temperatures  over  that  of  nickel. 

Hardening  also  results  from  thp  precipitation  of  compounds  and  phases  formed 
from  alloy  additions  of  carb  i,  alummum,  titanium,  and  columbium,  elements  which 
are  not  completely  soluble  in  the  nickel.  These  compounds  and  phases  exhibit  increas¬ 
ing  solubility  with  Increasing  temperatures.  When  temperatures  are  high  enough,  the 
compounds  dissolve  completely,  .allowing  for  the  classical  strengthening  by  solution  heat 
treating  and  aging  analogous  to  heat- treatable  alloys  like  those  of  aluminum.  The  highly 
alloyed  superalloys  differ  in  precipitation  behavior  from  that  of  aluminum  in  that  several 
compounds  and  phases  precipitate  on  aging.  Also,  the  proportions  compositions 
vary,  depending  on  the  aging  temperatures. 

Figure  17-1,  reproduced  from  studi-™  on  the  Rene  41  alloy  by  Wsisenuerg  and 
Morris^n^  illustrates  the  relative  abundance  of  each  of  the  three  important  precipitating 
compounds,  as  influenced  by  different  aging  temperatures.  This  graph  shows  that  the 
MgC  carbide  will  precipitate  at  temperatures  up  to  about  2150  F.  From  the  standpoint 
of  elevated-temperature  strength  this  is  desirable.  However,  the  carbides  reduce 
forgeability  especially  if  located  at  grain  boundaries.  Although  the  aging  tir'>e>.i  indicated 
by  Figure  17-1  are  rather  long  for  unstrained  material,  the  precipitation  react'  .'n  is 
hastened  by  plastic  deformation  somewhat  analogous  to  the  8train-in;\ic 
occurring  in  the  all-beta  titanium -alloy  under  certain  conditions.  Tl  'is,  when  Rene  41 
is  deforn  at  temperatures  just  below  2150  F,  ttie  ivl^C  carbide  causes  reduced  forge¬ 
ability  by  precipitating  aurlng  deformation.  Precipitation  of  the  other  compounds, 
Ni3(Al,  Ti)  and  M23Cb,  causes  further  reduced  forgeability  if  the  alloy  is  forged  at 
correspondrngly  lower  temperatures. 
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Moon,  et  al.  have  ehown  that  the  solution  temperature  for  the  gamma  prime 
phaoo  [Ni3(Al,Ti)]  increases  with  increasing  aluminum  content  as  shown  in  Figure  17-2. 
The  solution  temperature  for  this  compound  is  about  1950  F  for  Rene  41  j  Udimet  500  and 
Astroloy  exhibit  even  higher  gamrna-pvime  soluduu  temperatures  because  of  their 
higher  aluminum  contents.  Alloys  containing  more  than  about  5  per  cent  aluminum  are 
considered  casting  alloys  and  are  not  suitable  for  forging  because  they  retain  gamma- 
prime  at  temperatures  very  close  '  that  of  Incipient  melting. 

Small  amounts  of  boron  and  zirconium  have  been  found  to  increase  the  creep  re¬ 
sistance  of  nickel-base  superalloys.  It  is  believed  that  thesa  elements  fill  the  lattice 
vacancies  normally  present  at  or  near  the  gra^  Soundaries.  Decker,  et  al.  sug¬ 
gested  that  boron  retards  carbide  formation  at  the  grain  boundaries  by  filling  these 
vacancies.  Zirconium  is  said  to  have  a  similar  effect.  If  their  plausible  explanations 
are  correct,  small  additions  of  boron  or  zirconium  should  improve  forgeability  by  re¬ 
tarding  the  formation  of  embrittling  carbidei-  at  grain  boundaries;  the  reverse  should  be 
true  when  the  amounts  j£  Ihese  insoluble  elements  exceed  those  necessary  to  fill  the 
vacancies. 

Additions  of  cobalt  have  an  opposite  effect  on  forgeability  from  that  of  zirconium 
i.nd  boron.  Cobalt  tends  to  stabilize  the  gamma  prime  and  carbidea  by  raising  their 
solvus  temperatures  in  nickel-base  alloys,  thereby  retaining  the  phaaee  at  even  higher 
temperatures.  Althou;^h  this  behavior  ia  desirable  from  the  strength  standpoint,  it  im¬ 
pairs  forgeability’^. 

Fcr  reasons  related  to  elevated-temperature  creep  strength  and  weldability,  al¬ 
loys  like  Rene‘'41,  Udimet  700,  snd  Astroloy  are  often  forged  at  temperatures  below 
those  where  the  M^C  carbide  dissolves  completely.  It  is  believed  that  once  the  M^C 
carbide  goes  into  solution  it  does  not  reprecipitate  in  a  fashion  favorable  for  maximum 
creep  strength.  Rather,  the  compound  changes  to  the  lower  temperature  carbide  form 
(M23C^)  and  precipitates  at  the  grain  boundaries.  This  reduces  rupture  ductility  and 
stress-rupture  strength  to  some  extent  and  promotes  sensitivity  to  thermal  cracking. 
Thus,  there  are  times  when  *he  selection  of  forging  temperatures  must  be  b^sed  or.,  r. 
compromise  with  factors  contributing  to  final  mechanical  properties. 

The  nickel-base  superalloys  are  available  in  a  variety  of  cogged  billet  and  bar 
sizes  for  forging.  The  alloys  are  ordinarily  melted  by  one  of  the  following  techniques: 

(1)  Air  melting  followed  by  either  vacuum-induction  melting  or  vacuum 
consumable-electrode  arc  melting 

(2)  Vacuum- induction  melting  folio'  'ad  by  vacuum  consumable-electrode 
arc  melting 

(3)  Consumable-electrode  arc-melting  ojndrr  ■lag. 

Compared  with  ordinary  arc-melting  techniques,  these  melting  procedures  have  boen 
responsible  for  remarkable  improvements  in  forgeability  and  mechanical  prupc  "ties  by 
reducing  the  levels  of  segregation.  However,  the  majority  of  Ingots  i-i-c.-iKi  ,!  v  a  pro- 
ducUon  basis  still  contain  certain  amounts  of  se.^regation  that  influence  forgeability. 
Since  vac  'um-induction  melted  ingots  solidify  progressively  toward  .he  center,  and  take 
longer  to  freere,  the  ..  loys  and  impurities  tend  to  concentrate  at  the  center.  The  seg¬ 
regation  in  consumabbi-electrode  arc-melted  ingots  Is  generally  on  a  amallet  scale 


forgeability  refers  'o  the  ability  of  a  material  to  undergo  plaatic  deformation  wliHout  fracture,  tegaidlew  o'  the  fotgi.t  <  preuute. 


with  proatc*  r.ono.pntration  differences  at  the  immediate  ingot  surface-;,  for  these 
reasons,  wrought  bars  from  consumable-electrode  arc-melted  ingots  are  generally 
more  susceptible  to  edge  cracking  during  forging  than  bars  froiti  vacaum-induction- 
melted  ingots.  Conversely,  the  latter  art  more  sus  .-."ptible  to  center  c lacking. 


FORCING  BEHAVIOR 

As  shown  in  Table  17-2,  the  temperature  limits  for  forging  nickel-base  super- 
alloys  are  determined  largely  by  melting  and  precipitation  reactions.  The  alloys  appear 
in  this  table  in  the  order  of  progressively  na.rrowei  .  'nges  between  maximum  and  mini¬ 
mum  forging  temperatures,  hence  of  progressively  pocrer  forgeability.  The  estimated 
maximum  forging-temperatures  are  considered  low  enough  to  avoid  incipient  melting 
during  heating  for  forging. 

VABUE  17-2.  CRTl'ICAL  MELVINr-  AND  PHECIPITATION  TEMPERATURES  iOtl  SEVERAL  NICKEL-BASE  SUHERALLOYS^*’ 


Allov  OMiatutiont 

Appraximtte 

FiMt 

Meltlns 

Temperature,  F 

Precipitation 

Esitir'.ert  Furglne  Temperature 

_ »*agi  f _ 

MaxlmutTi  Mlnimutr, 

HAkteiloy  Alloy  X 

2300 

MOO 

2260 

1500 

Inconel  Alloy  718 

2300  (*) 

1660 

2200 

1600 

Wtipaloy 

2230  (*) 

1800 

2200 

I7o0 

Incoloy  Alloy  901,,  ;.L  901,  A’tamp 

2200 

1800 

2130 

1760 

1261.  Udimet  200 

Inconel  Alloy  X  -730 

2360  '*) 

1760 

2200 

1900 

M-2fi2 

2200  (•) 

i860 

2160 

1750 

Htitelloy  Alloy  R-236.  Unltemp  11236 

2300 

1900 

2200 

1860 

Ren4  41,  Heynei  Alloy  No.  R41, 

2280 

1950 

2200 

1900 

AltempR41.  Udimet  R41 

Udimet  600,  Unitemp  600,  Heitelloy 

2260 

2000 

2200 

1960 

Alloy  800,  Allvec  600 

Udimet  700 

2260 (•) 

2060 

2200 

1960 

Aitrdloy 

2280  (•) 

2060 

2200 

2U0C 

(*)  Eitlnuted  from  data  provided  by  producen. 


Another  basis  for  selecting  forging  temperatures  is  the  elevated-temperature 
ductility  of  the  alloys.  As  shown  in  Figure  17-3,  the  tensile  elongations  for  several 
nickel-base  auperalloya  are  lowest  at  temperatures  coinciding  with  precipitation  behav¬ 
ior  and  highest  at  temperatures  corresponding  with  solutions  of  the  pro  '  luted 
compounds.  These  data  also  show  that  auch  Nl-Cr-Fe-Mo  alloys  as  Inconel  Alloy  718 
and  Hastelloy  Alloy  R-235  reach  higher  levels  of  ductility  than  do  Ni-Cr-Co-Mo  alloys 
such  as  Rene  41  or  Udimet  500.  The  latter  alloys  also  exhibit  the  poorer  forgecbllUy 
based  on  other  criteria. 

Approximate  forgeability  ratings  for  typical  mokel-base  superal'cys  are  suggested 
in  Table  17-3,  The  ratings  are  based  on  the  span  of  the  forging  temperatures  range,  as 
limited  by  melting  and  pvecijiitation,  and  on  the  ductility  in  hot-tensile  tests  at  .ppvo- 
priate  temperatures.  On  ibis  scale  of  empirical  ratlikgs,  the  Rene  *1  alloy  would  ;„ive 
about  one-third  the  forgeability  of  Inconei  Alloy  718.  It  should  be  noted  ■'•hat  tae.se 
ratings  reflect  only  a  relative  ability  to  withstand  deformation  wHhout  .Hare,  They  do 
not  indicate  the  energy  o.'  j.ressure  requirements  nece8St.ry  for  forging,  nor  can  the 
ratings  be  relat'cd  to  low-alloy  steels  and  other  alloys  that  normally  exhibit  far  better 
forgeability  than  these  superallnya. 


INCONEL  ALLO'  Mi 


Limiting  Forging 
Tempetatursi,  F 
(Bated  on  Melting  and 
Ptecipirarionl 
Maximum  Minimum 


Appraximare  Tenille 
Elongation  ai  Forging 
Factoi  for  Temperitutet 

Tempeiatute  Tempetttuie,  Elongation, 
Ransd(*)  F  ^ 


Factor  fot  Forgeability 

r>"ctiliry(^)  Rarinrf^) 


Hutelluy  Alloy  X 

2260 

1800 

7.6 

1900 

40-46 

4.6 

12.0 

Inconel  Alloy  718 

2200 

1600 

6.0 

2000 

>100 

10 

16.0 

Inconel  Alloy  901 

2160 

1780 

4.7 

1600 

70-76 

7.5 

11,. 

Waipaloy 

2200 

1760 

4.6 

2000 

>40 

5 

9eS 

Haitelloy  Alley  R-23S 

2200 

1860 

3.6 

2000 

66"60 

6 

9.8 

Rene  41 

2200 

1900 

3.0 

7000 

16-20 

2 

6.0 

t'dimet  600 

2200 

1980 

2.6 

!>.CC0 

•  26-30 

a 

5.6 

Udimet  700 

2200 

1980 

2.6 

2000 

25-30 

3 

6.7 

(a)  The  factoi  foe  forging  temperatu. 

«,  1:  •'t'>v,iui£ied  to  be  cne»ientti  me  permissible  range  foi  iorging 

s  expressed 

c.  degrees 

Fahienheit. 

(b)  The  ductiUt)  factoi  ia  taken  at  one'tenth  the  clongaticin  value  in  hot  tenu’e  teats  at  temperaturA-  n'-er  the  middle  oi  the 
forging  ra.  ge.  The  maximum  value  ia  10  on  ihia  scale, 

(c)  Forgeability  rating  ia  the  sun:  n  factors  for  temperature  ran;e  and  ductility. 
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The  forgeability  of  nickel-base  superallr’'8  usually  decreases  with  increasing 
deformation  rates,  particularly  for  large  beductions.  The  influence  of  rapid  deforma¬ 
tion  rates  and  temperature  on  the  forgeability  of  Rene'  41  was  studied  at  th;:  Lockheed 
Aircraft  Corporation.  The  studies  consisted  of  upsetting  cylindrical  samples  at 
various  temperatures  ranging  from  1600  F  to  2200  F  i.'  a  nigh-energy-rate  forging  ma¬ 
chine  (Model  1220  Dynapak).  The  lamples  shattered  when  upset  forged  below  2000  Fand 
above  2200  F  but  not  at  intermediate  temperatures.  The  influence  of  deformation  rates 
was  studied  by  increasing  the  I>/napak  fir.  pressures.  This  change  shortened  the  time 
during  which  deformation  occurred  and  increased  the  amount  of  reduction  obtained.  Both 
of  these  factors  contributed  to  increasing  the  metal  temperature  enough  to  cause  crack¬ 
ing  when  the  samples  were  upset  much  beyond  40-50  per  cent  in  one  stroke. 

Figure  17  -4  shows  the  combined  influence  of  the  raic  and  magnitude  of  deforma¬ 
tion  on  the  forgeability  of  Rene'  41.  The  samples  were  upset  at  temperatures  between 
1950  F  and  2100  F.  The  amounts  and  rates  of  reduction  were  controlled  by  varying  the 
sample  si'ses  and  the  ra.ti  speed.  To  obtain  reductions  greater  than  40  per  cent,  it  was 
necessary  to  use  restriking  steps  of  40  per  cent  reduction  and  to  reheat  between 
operations. 
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FIGURE  17-4.  INFLUENCE  OF  REDUCTION  AND  RATE  OF  DEFORMATION  ON  THE 
FORGEABILITY  OF  RENE  41  FORGED  AT  TWO  TEMFERATURES  ON 
A  MCH-ENERGY-RATE  MACHINE'*' 


Another  significant  factor  that  reduces  the  forgeability  of  s'ipex'.zlloyL>  i»  chilim. 
causes  by  forging  between  dies  colder  than  the  workpiece.  Figure  17-5  sh;  /.s  1..' .• 
saraple.?  of  Rene  41  appear  after  upset  forging  between  colder  dies.  The  severest 
ruptures  occurieo  'n  the  regions  in  contact  with  the  dies  r.ot  on  the  tree  surfaces.  This 


zf; 

condition  is  most  severe  in  forging  alloys  w<th  the  highest  precipitation  temperatures. 
Methods  for  preventing  this  type  of  cracking  include  the  use  of  heated  dies  in  combina¬ 
tion  with  insulating  coatings,  like  asbestos  sheets,  glass  wool,  oriawdnai,  to  retard  heat 
transfer  from  workpiece  to  dies.  For  obvious  reasons,  forgings  containing  thin,  fast¬ 
cooling  sections  are  extremely  difficult  to  forge.  One  source  reports  benefits  from 
placing  sheet  metal  backed  with  asbestos  between  the  dies  and  workpiece.  Reportedly, 
the  sheet  metal  helps  to  maintain  a  continuous  layer  of  asbestos  between  the  die  and 
workpiece,  Various  forging  companiea  have  spent  considerable  time  developing  insu¬ 
lating  materials.  For  this  reason,  the  preferred  techniques  are  not  generally  dis¬ 
closed.  It  is  believed,  however,  that  the  most  successful  methods  include  the  use  of 
glass  coat  ngs.  Prens-foi-ging  dies  are  probably  boated  in  the  vicinity  of  1000  F,  while 
hammer-r'ie  temperatures  are  probably  closer  to  400  F. 

The  forgeability  behavior  of  the  Rene  41  alloy  is  typical  of  the  nickel-base  super- 
alloys  in  general.  At  slow  rates,  the  alloys  exhibit  reasonable  forgeability  at  tempera¬ 
tures  as  low  as  1800  F.  At  the  more  rapid  rates,  however,  the  minimum  temperature 
is  about  1900  F.  Thus,  the  widest  temperature  range  for  forging  is  obtained  at  low 
pressing  speeds.  Unfortunately,  dle-chilling  offsets  most  of  the  advantages  gained  by 
forging  at  the  slower  rates. 

Elevated-temperature  strength  data  available  in  the  literature  provide  information 
on  the  forging  pressure  requirements  for  various  superalloys.  Table  17-4  compares 
approximate  yield  strengthe  of  several  superalloys  with  those  for  AISI  4340  steel  and 
the  A-286  and  16-26-6  iron-base  superalloys.  These  data  show  that,  in  general,  the 
nickel-base  superalloys  will  require  greater  forging  pressures  at  ivorklng  temperatures. 
This  is  particularly  true  for  the  alloys  with  high  cobalt  and  Ti+Al  contents. 

TABLE  17<4.  SHORT-TIMB  ELEVATEO-TEMmiArjRE  YIELD  STRENGTHS 
fat  SEVERAL  SOTOALlOYSt®*  1®) 

Tested  et  Low  Strein  Retei 


Aj^icKimets  Yield  Stnogth,  kil,  at 
Alloy  Indicated  Tempetaturea.  P 

OeUsnatton _ WOO _ 1800 _ 2000  a 


Nlmonic  Alloy  80A 

30-36 

4-6 

— 

locoDsl  Alloy  718 

46-50 

10-16 

4-6 

Incoloy  Alloy  801 

46-60 

10-16 

6-10 

Hanalloy  Alloy  R-238 

66-60 

16-80 

6-10 

Hanelloy  Alloy  X 

20-36 

16-20 

10-16 

i“5 

Waapaloy 

66-70 

20-26 

6-10 

Ran441 

66-60 

20-26 

10-16 

M-252 

80 

36-40 

•  w 

Udimet  MO 

70-76 

36-40 

— 

Aitioloy 

80-96 

40-46 

10-16 

Udimet  700 

80-86 

16-20 

4340 

•  • 

3-6 

2-3 

1-2 

A-286 

20-26 

10-16 

5-8 

-- 

W-26-6 

25-30 

10-16 

-• 
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FIGURE  17-7.  INFLUF.NCE  OF  TEMPERATURE  ON  TENSILE  STRENGTH  ANn  REDUCTION  0* 
AREA  OF  INCONEL  ALLOY  X-750  ON  DIRECT  HEATING  AND  AFTER  COOLING 
FROM  2SS0  F  TO  TESTING  TEMPERATURE 
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The  relative  magnitude  of  the  actual  forcing  presauras  for  the  Rene'  41,  A-286, 
and  4340  alloys  is  indicated  by  the  specific  energy  requirements  for  upsetting  these 
materials  to  various  reductions,  shown  in  Figure  17-6.  Specific  energy  data  for 
Rene'  41  alloy  were  developed  from  high-energy-rate  forging  studies  conducted  by 
Lockheed  Airciaft(®h  similar  data  for  A-286  and  434C  were  obtained  in  studies  at 
Battelle.  Because  of  overheating  and  attendant  fracture  problems,  the  larger  reductions 
on  Rene'  41  had  to  be  obtained  by  incremental  working  with  as  many  as  four  operations 
and  with  intermediate  reheating  steps,  b  .,r  a  50  per  cent  reduction,  these  dat^  show 
that  the  forging  pressure  at  2000  F  for  Rene'  41  will  be  at  least  twice  that  for  A-286  and 
three  times  that  for  4340,  These  data  also  bring  out  the  importance  of  accurate  tem¬ 
perature  control  with  alloys  such  as  Rene'  41;  approximately  20-25  per  cent  higher  pres¬ 
sures  are  required  for  forging  at  2000  F  than  at  2100  r  . 

Data  from  Nippes,  et  al.,(^^)  in  Figure  17-7  show  the  Influence  of  temperature  c^n 
ductility  and  tensile  strength  of  Inconel  Alloy  X-750  upon  direct  heating  and  upon  cooling 
froiii  2350  F  to  the  testing  temperature.  Both  strength  and  ductility  are  reduced  by 
superheating,  since  the  higher  preheating  temperature  causes  both  grain  coarsening  and 
mure  complete  solution  of  carbides.  For  either  heating  practice,  rnaximum  ductility  is 
obtained  at  temperatures  in  the  vicinity  of  2200  F  where  the  tensile  strength  is  15,000- 
20,000  psi.  These  tests  were  made  at  comparatively  rapid  strain  rates  of  about  1.0  in./ 
in.  /sec.  By  comparison,  at  ordinary  tensile-testing  strain  rates  of  0.  01  in,  /in.  /sec 
Inconel  Alloy  X-750  has  a  tensile  strength  in  the  vicinity  of  7,000  psi  at  2200  F.  Thus, 
from  the  standpoint  of  forging  pressures,  advantage  is  gained  by  using  the  lowest  strain 
rates  practicable. 


FIGURE  17-8.  HOT-TWIST  TEST  DATA  FOR  WASPALOY  AHD  UDIMET  m 

r-v  covii««y 


Although  the  various  nic.vel-baso  superalloys  exhibit  'i  rather  wide  range  of 
forgeability  behaviors,  the  forging  pressi-re  requirements  for  most  of  the  Ni-Cr-Co-'Mo 
alloys  are  not  too  dissimilar.  This  is  evidenced  by  the  hot-twist  data  for  Waspaloy  and 
Udimet  700  in  Figure  17-8.  Waspalloy  has  markedly  better  forgeability  than  Udiinet700 
over  the  forging  temperature  range,  bui  the  shear  strength  (as  measured  by  the  twisting 
torque)  and,  hence,  the  forging  pressure  requirements  are  quite  similar.  The  tempera¬ 
tures  for  maximum  twist  ductility  for  these  alloys  agree  quite  closely  with  the  forging 
temperatures  in  practice  —  about  I'iSO  F  for  Waspaloy  and  about  2000  F  for  Udimet  700. 


INFLUENCE  OF  FORGING  VARIABLES  ON  MECHANICAL  PROPERTIES 

Factors  influencing  the  mechanical  properties  of  heat-treated  nickel-base  super¬ 
alloys  can  be  summarized  as  follows: 

(1)  The  basic  mechrnical  properties  are  obtained  through  appropriate 
heat  treatments  that  are  sometimes  tailored  to  suit  certain  service 
requirements. 

(2) .  Aside  from  differing  heat-treatment  procedures,  variations  of 

mechanical  properties  are  caused  by  variations  in  cleanliness  and 
chemical  uornposition,  precipitation  and  recrystallization  behavior, 
grain  size,  grain  flow,  and  amount  of  reduction. 

Through  deformation,  forging  has  a  significant  influence  on: 

( 1 )  Grain  flow 

(2)  Recrystallization  behavior 

(3)  Grain  size 

(4)  Precipitation  behavior. 

Forging  companies  have  expended  considerable  effort  developing  detailed  forging  proce¬ 
dures.  Because  of  this,  the  procedures  are  considered  proprietary  and  quantitative  data 
relating  forging  techniques  and  mechanical  properties  are  difficult  to  obtain.  Conse¬ 
quently,  the  succeeding  discussion  contains  limited  amounts  of  mechanical-property  data 
in  support  of  the  interpretations  expressed. 

Grain  Flow.  Superalloys  exlrloil  anisotropic  mechanical  properties  caub-d  cuU.!, 
by  carbide,  nitride,  and  carbonitride  stringers  that  .remain  undissolved  thro'.ighout  the 
forging  and  heat-treating  cycles.  Even  the  double  vacuum-melted  alloys  contain  certain 
amounts  of  these  constituents.  Brittle  carbides  and  nitrides  uo  no’-  -longate  during'  forg¬ 
ing.  Rather,  they  form  a  discc-.ttinuous  line  of  discrete  particles,  .tnereasing  reduc¬ 
tions,  therefore,  would  be  expected  to  improve  transverse  ductility  in  alloyi  cemaining 
these  compounds.  Carbouitrides,  on  the  other  liand,  elongate  during  foraini  a-- v  usually 
promote  increasingly  anisotropic  ductility  with  increasing  reductienf..  Since  vacuum 
melting  r-r.voveo  most  of  the  car bonitr ides,  vacuum-mdted  a’loys  t  -.hrbit  a  minimum 
level  of  mochanical-p,  -perty  directionality  wi+h  respect  to  grain  flow.  Table  17-5  com¬ 
pares  tensile  properties  of  several  parts  forged  from  vacuum-melted  superalloys  which 
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TABLE  17*5.  COMPARISON  OF  LONGITUDINAL  AND  T.\  NSVERS  MECHANICAL  PROPERTIES  OF  SEVERAL 
SUPERALLOY  FORGlNGS<^®) 


Room'Tenipentute  Piop'itiei  of  Die  Potgingi 


Test  Bat 

Location 

Nuinbei 

of 

Tests 

0.2^ Offset  Yield 
Suenith.  Rsl 

Tensile  Sttenpth,  ksi 

ElunaatioD.  net  cent 

Reduction  of  Area, 
pet 

Ranee 

Avetaae  k  ->2e  Aveiaae 

Range 

Avetaae 

Range 

Avetaae 

Pan  1  -  Wasnaiov  Comcietiot  Hub 

Longitudinal 

4 

124.2-132.0 

128 

187.1-191.0  189 

21.0-26.5 

24.0 

23.1-34.5 

28.0 

Ttanivetie 

24 

120.8-133.0 

127 

174.0-198.4  184 

, 18.4-28.0 

22.2 

13, 1-28.6 

21.0 

Pait  2  -  Wainalov  Rina 

Radial 

4 

133.0-143.0 

136 

182. 8-lBO. 8  185 

18.7-29.0 

24.0 

26. 8-32.9 

29.0 

Rim  tangential 

6 

132.0-137.0 

138 

177.6-185.2  180 

21.8-28. 1 

26.0 

26.S-3S.1 

31.0 

Pan  3  •  Rene  41  Disk 

Rim  tangential 

2 

142.3-143.8 

143 

193.8-201.7  197.6 

14.0-18.0 

16.0 

lo.  0-18.2 

IV 

Centei  tangential 

2 

138.9-142. 1 

140.6 

196.0-187.0  191.0 

18.U-20.0 

19.0 

20.3-23.6 

21.9 

Pan  4  •  Waspalov  Disk 

Rim  tangential 

.“l 

130.7-13S.0 

132.7 

189.9-191.9  190.8 

23.6-26.1 

28.4 

22.7-30.4 

26.4 

Centei  tangenUal 

2 

127.8-138.4 

131.8 

188. 0-188. 6  188. 8 

24.0-28.0 

24.8 

26.3-27.3 

28.3 

exhibited  rather  small  differences  in  mechanical  properties  for  various  test>bar  loca¬ 
tions,  Isotropic  properties  are  reflected  by  the  small  variations  in  ductility  with 
respect  to  test-bar  locations  representing  longitudinal  and  transverse  grain  flow. 


Grain  Slae,  The  final  grain  size  of  forged  and  heat-treated  superalloys  ha:;  ah  im¬ 
portant  influence  on  mechanical  p..operties.  With  Increasing  grain  size,  tensile  and 
stress-rupture  ductility  generally  decrease  and  strain  values  become  more  erratic. 

Dzugutov  and  VakhtanovU^*  l^),ihade  a  rather  complete  study  of  the  influences  of 
forging  temperature,  forging  reduction,  and  grain  size  on  the  mechanical  properties  of 
a  nickel-base  superallby  similar  to  Nimonic  80A.  Samples  were  forged  with  reductions 
varying  between  4  and  80  per  cent  at  several  terr.peratures  between  1560  »rirl  2120  F, 
Grain  sizes  were  measured  on  samples  in  both  the  as-forged  and  in  the  solution-heat- 
treated  (1950  F,  8  hours,  air  cooled)  conditions.  Mechanical  properties  were  doier- 
mined  after  aging  from  either  of  these  conditions  (aging  treatment:  16  hours  at  1  .>80  F), 
Table  17-6  shows  the  grain  size  of  samples  after  10,  25,  and  50  per  cent  reductions  at 
each  of  five  forging  temperatures.  The  study  showed  that  the  most  uniform  and  finest 
grain  size  was  obtained  by  forging  the  alloy  at  1830  F,  The  widest  variation  in  grain 
size  was  observed  in  samples  forged  at  2120  F.  . 

Studies  were  also  conduritod  on  samples  forged  at  1900  F  with  reductions  betv  •>sn 
4  and  80  per  cent  to  determine  how  much  reduction  was  needed  to  remov*'  .u'  \  rri- 

aticris  in  grain  ii;ize.  After  only  4  per  cent  reduction,  tht:  samples  were  recrystallize:! 
completely  -.ttei:  solution  bea*  treatment,  but  the  grain-size  variacion  remained 
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(ASl’M  1-4).  After  about  12  .r  cent  reduction,  the  sohition-heat-treated  samples  vere 
recrystallized  to  a  uniform  grain  size  of  A3TM4.  In  the  as-forged  condition,  uniform 
grain  size  was  obtained  at  reductions  above  30  per  cent.  At  80  per  cent  reduction,  the 
as-forged  grain  size  was  finer  (ASTM  5-6)  than  after  subsequei.t  sol'tllon  heat  tr'jatm.?nt 
(ASTM  4). 

TABLE  ri-B.  It.PLUENCE  OP  FORCING  TEMPERATURE  AND  FORGING  REDUCTION  ON  THE  GRAIN  SIZE  OF  A  RUSSIAN  ALLOY 
SIMIUR  TO  NIMONIC  80A(13.14) 


Gnin  Size  E(,i)iv*lent  to  ASTM  Standud  Ratings 


Heat 

Tteatmeni 

Condition 

Forging 
Reduction, 
pet  cent 

Gram  Size  f  Allov  at  Indicated  FotElna  Temoerature 

1560  !• 

1650  r 

1830  F 

2020  F 

2120  P 

F 

10 

4 

4 

4 

4 

2-4 

S 

10 

2-4 

2-4 

4 

2-4 

2-3 

F 

25 

3-4 

4 

4 

4 

1-3 

S 

25 

2-4 

4 

4 

2-3 

2-3 

F 

60 

4 

4 

4 

4 

1-3 

S 

SO 

4 

3-4 

4 

2-3 

1-4 

(a)  F  -  As  forged:  samples  ait  cooled  from  forging,  then  aged  16  hours  at  1380  P. 


S  -  Solution  heat  treated;  samples  solution  annealed  8  hours  at  1975  F,  ait  cooled,  then  aged  at  above. 


As  expected,  the  best  ductility  for  heat-treated  samples  w.is  associated  with  the 
finest  grain  size;  actual  values  were: 


ASTM 
Grain  Size 

1- 3 

2- 4 
'  .4 

4 


Room*  Temperature 
Elongation,  per  cent 


19-20 

17 

24-26 

26-29 


Cn  the  other  hand,  the  room-temperature  strengths  of  forgings  produced  at  tempera¬ 
tures  ranging  from  1560  to  2020  F  were  not  noticeably  influenced  by  grain  size.  How¬ 
ever,  samples  forged  at  2120  F  exhibited  25  per  cent  lower  ultimate  strengths  than  those 
produced  at  lower  temperatures.  '  The  loss  cf  strength  was  probably  associated  mere 
with  the  altered  precipitation  behavior  than  with  grain-size  effects. 

To  illustrate  the  importance  of  hot  d'Pormation  on  grain  site,  Figures  i7-9  and 
17-10  show  etched  sections  from  a  disk  and  a  blade  forging,  respectively,  whiidn  exnibit 
unusually  large  grains.  Both  forgings  received  small  reductions  during  the  final  forging 
operation.  Both  are  shown  after  heat  treatment.  The  Iiicoloy  Alloy  901  disk  was  re¬ 
struck  at  2025  F  and  solution  heat  treated  for  2  hours  at  1985  F.  T  le  Inconel  Alloy 
X-TSO  blade  was  coined  at  2075  F  then  solution  annealed  for  2  hours  at  2100  F,  In  boih 
cases,  the  final  reductions  were  in  the  vicinity  of  5  to  10  per  -'ent.  .Such  small  ^-ediir- 
••ions  are  frequently  responsible  for  promoting  abnormal  grain  growth  treat  ¬ 

ing  as  was  the  case  for  the  two  examples  cited. 


FIGURE  17-9.  macrostructure  OF  FULLY  HEAT  TREATED  DISK  FORCING 
OF  IHCOLOY  ALLOY  901  THAT  WAS  GIVEN  LIGHT 
REDUCTION  DURING  FINAL  FORGING  STEF 

On«*hal(  Kit* 


FIGURE  17-10.  MACROSTRUCTURE  OF  FUl '.Y  HEAT  TREATED  BLADE  FORCING 
OF  INCONEL  ALLOY  X-7S0  THAT  WAS  GIVEN  LIGHT  RSDUCTION 
DURING  FINAL  FORCING  STEP 


On»-quar««  tli* 
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The  known  methods  £<•  preventing  abnormal  gtain  prowth  in  such  parts  are  1)  to 
provide  reductions  greater  than  15  per  ^ent  during  ihe  finai  operation  and  (2)  to  cimduct 
reetriking  or  coining  operations  at  temperatures  higher  than  the  subsefjuent  annealing 
temperatures.  It  is  desirable  to  avoid  restriking  operations  vhencvor  possible.  Th  s  is 
a  factor  to  consider  in  forging  design  where  forgings  with  mort  precise  dimensional  re- 
quiremeins  usually  require  frequent  restriking  steps, 

COMMENTARY  ON  FORGING  PRACTIC'^S 


The  forging  of  nickel-base  sape.-alloys  requires  close  control  over  both  metallur¬ 
gical  and  operational  conditions.  Particular  a'tention  must  be  given  to  the  control  of  the 
metal  temperature  on  the  die.  Observers  are  usually  required  to  record  data  on  such 
items  as  transfer  time,  soaking  time,  finishing  temperature,  etc.  (3ritical  parts  are 
frequently  numbered  to  keep  precise  records  of  these  factors  on  each  forging.  Records 
of  dimensional  variations  are  sometimes  kept  for  each  part  to  identify  the  levels  of  re¬ 
duction  obtained  during  forging.  These  steps  are  useful  for  identifying  any  forgings  that 
contain  material  or  forging  defects,  and  permit  metallurgical  analysis  so  that  the  de¬ 
fects  may  be  avoided  in  the  future.  'In  a  sense,  each  forging  and  each  design  has  charac¬ 
teristics  that  may  or  may  not  lead  to  satisfactory  performance.  Thus,  such  records 
can  be  used  to  avoid  recurring  problems  and  to  help  in  optimizing  the  procedures  for 
subsequent  production  nins. 

The  nickel-base  superalloys  are  quite  sensitive  to  minor  variations  in  composi¬ 
tion.  Subtle  variations  can  cause  large  variations  in  forgeability,  grain  size,  and  final 
properties.  Zirconium  has  been  shown  to  increase  forgeability  but,  above  very  small 
quantities,  it  can  promote  cracking  during  forging  and  even  during  heating.  One  forging 
company  experienced  wide  heat-to-heat  variations  in  grain  size  in  parts  forged  from 
Incoloy  Alloy  901  In  the  same  sets  of  dies.  Por  some  parts,  it  was  found  necessary  to 
determine  optimum  forging  temperatures  for  each  incoming  heat  of  material  by  making 
sample  forgings  and  examining  them  afte~  heat  treatment  for  grain-size  variations. 
Attempts  to  correlate  composition  with  grain  size  were  unsuccessful  in  this  instance. 

The  experience  indicates- that  even  subtle  differences  in  production  practices  can  b- 
important. 

Another  company  reported  difficulty  in  maintaining  uniform  response  to  heat  treat¬ 
ment  in  Waspaloy  forgings  until  the  effects  of  small  variations  in  silicon,  manganese, 
and  titanium  contents  were  established.  Although  the  details  of  the  practices  were  not 
disclosed,  the  response  was  improved  by  adjusting  the  time  and  temperature  of  the 
stabilizing  heat  treatment  according  to  composition.  Larger  silicon  appear 

to  accelerate  the  precipitation  reaction  at  the  grain  boundaries  during  this  intermediate 
treatment,  and  stabilizing  times  are  sometiires  shortened  to  pr  2vent  exces'-ive  precipi¬ 
tation.  It  is  reported  that  lower  sUicor,  and  inangarese  contents  lead  to  improved  i-np 
ture  ductility  in  Waspaloy  forgings.  No  data  were  made  available  to  substa.ntiato  this 
contention,  however. 

Companies  experienced  in  the  forging  of  nickel-base  superalloy,-;<  generally  agree 
that  the  forging  techniques  developed  for  one  part  usually  must  be  modified  -.or  producin'-' 
another  configuration  from  i>!.j  same  alloy,  i'or  this  reason,  development  tin  ',  often 
needed  to  establish  suitable  forging  and  heat-treating  cycles,  Th's  .s  especiaU,'  true  for 
toe  newer  alloys  (e.g.,  Waspaloy,  Udimet  500,  Reoe  -11,  Ud'met  7-  0,  etc.  ). 
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Heating  for  Forging.  When  neating  mckel-base  alloys,  it  is  important  to  avoid 
contact  with  sulfur.  Preferred  fuels  for  forge  furnaces  are  natural  gas  and  low-sulfur 
oil.  Furnaces  used  for  carbon  and  low-alloy  steels  frequently  contain  sulfur-rich  scale 
which  should  be  removed  before  charging  nickel  alloys.  A  good  practl-  e  uoncists  of 
placing  billets  on  clean  bricks  or  plates  of  heat-resii  tan'  alloys.  Furnace  atmospheres 
are  usually  maintained  slightly  oxidizing. 

Because  of  their  lower  thermal  ci  ''ductivity,  nickel-base  supers  Hoys  generally 
require  longer  soaking  periods  than  steels,  linger  times  are  also  necessary  to  insure 
maximum  solution  of  precipitated  phasoii  and  compounds  which  dissolve  slowly.  Alloys 
having  narrow  working  temperature  ranges  require  more  precise  temperature  control 
than  ordinary  steels.  To  achieve  uniform  billet  ter/.^'.-iratures,  it  is  common  practice  to 
turn  the  billets  and  forgings  while  in  the  furnace.  At  Uast  one  company  uses  cast 
nickel-alloy  billet  cradles  to  elevate  the  billets  above  the  furnace  hearth.  They  are 
particularly  useful  when  glasses  are  used  for  precoatings. 

Volumetric  changes  occurring  when  heating  the  precipitation-hardenable  alloys 
can  cause  Internal  cracking  in  billets  and  forgings  containing  large  sections  (i  inches  or 
larger).  Such  cracks  can  go  unnoticed  until  the  forgings  reach  the  final  inspection  step 
(usually  ultrasonic).  Practices  successfully  used  to  prevent  these  cracks  include 
(1)  preheating  at  temperatures  corresponding  to  aging  temperatures,  soaking,  then  heat¬ 
ing  to  forging  (or  heat  treating)  temperatures  and  (2)  heating  slowly  (about  50  F/hr)  be¬ 
tween  1200  F  and  about  1600  F. 


Ingot  and  Billet  Breakdown.  In  the  as-cast  condition,  nickel-superalloy  ingots  are 
gene’^ally  characterized  by  coarse  columnar  grains  that  impair  forgeability.  Common 
mill  practice  consists  of  press  forging  between  flat  dies  with  small  reductions  with  fre¬ 
quent  reheatings  at  maximum  forging  temperatures.  Billets  are  often  ground  to  remove 
any  cracks  occurring  during  processing.  After  the  cast  grains  are  deformed,  th«  billets 
usually  exhibit  better  forgeability. 

During  fullering,  drawing,  "olUng,  ''togging,  or  other  types  of  side  forging  steps, 
nickel-base  superalloys  are  sensitive  to  center. bursts.  Rapid  forging  strokes  cause  a 
"shear  effect"  at  the  center  of  the  bar  characterised  by  the  appearance  of  an  "x"  at  the 
ends  of  the  bar.  The  |'x"  will  be  hotter  than  the  rest  of  the  bar  and  rupturing  will  occur 
in  this  region  if  deformations  are  too  rapid  or  too  large.  By  observing  the  relative 
brightness  of  the  "x"  pattern,  experienced  operators  are  able  to  control  the  reductions 
to  avoid  cracking.  During  upsetting  the  teimpera'.ure  increase  is  not  as'readily  apparent, 
but  center  bursts  are  possible  if  forging  is  too  rapid. 


Lubrication.  The  choice  of  lubricants  for  forging  nickel-base  superalloys  is 
limited  to  those  free  of  sulfur.  Lubricants  containing  molybdenum  disulfide  or  other 
sulfur  compounds  are  believed  to  have  harmful  ettectc  on  nickel  alloys.  The  most 
common  lubricants  are  mixtures  of  oil  and  graphite.  Certain  glasres  are  particularly 
useful  for  coating  the  alloys  having  narrow  forging  temperature  ranges  since  thev  in¬ 
sulate  as  well  as  lubricate  during  forging.  Becau^se  the  nickel  alloys  ret<st  oxUali-: 
seizing  and  galling  between  the  workpiece  and  dies  are  freq<ient  problem-*  oaM  - 

pany  indicated  that,  if  forging  dies  are  tempered  at  i  bout  750  F  after  machining,  the 
oxide  formed  .>n  the  dies  serves  as  an  excellent  parting  agent  and  also  helps  to  retain 
lubricant  on  the  dio  surfac  -  s. 
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Asbestos  sheets,  mlcD  .  jltiA  sawdust  are  sometimes  used  in  conjunction  witn  )il- 
graphite  lubricants  for  forging  superall''-fs.  Such  materials  are  used  mainly  for  mini¬ 
mizing  die  chilling  when  forging  parts  with  a  minimum  of  detail  and  generous  contours 
in  hydraulic  presses. 


Control  of  Forging  Reductions.  The  recrystallization  temperatures  of  most  super¬ 
alloys  are  quite  close  to  the  forging  temperatures.  For  example,  Rene  41  rccrystal- 
lizes  in  the  vicinity  of  1900  F'.  Hovaver,  the  process  is  apparently  slow  enough  that  the 
alloy  exhibits  work-hardening  behaviOr  even  when  forged  at  2050  F',  The  knowledge  of 
such  behavior  is  important  to  avoid  "critical- strain  effects"  and  grain-growth  problems. 
If  the  alloys  ars  forged  at  temperatures  and  reductions  equivalent  to  about  2  to  8  per 
cent  cold  reduction,  coarse  grains  ordinarily  develop  during  subsequent  solution  heat 
treatment.  For  this  reason,  it  is  important  to  conduct  wedge-forging  tests  or  other 
•tudlee  suitable  for  identifying  the  combinations  of  forging  temperatures  and  reduction 
which  lead  to  "critical-strain  effects".  Once  the  conditions  are  identified,  they  can  be 
avoided  by  eelectlng  suitable  forging  cycles.  Two  generally  accepted  forging  principles 
are;  (1)  to  finish  all  forging  steps  at  true  hot-working  temperatures  so  that  no  recrys- 
talli^i.tion  will  occur  duiing  subsequent  heat  treatment  or  (2)  to  complete  forging  at  hot- 
cold  working  temperatures  with  a  reduction  greater  than  about  15  per  cent  so  that  fine, 
recrystallised  grains  are  obtained  during  subsequent  solution  heat  treatments.  The 
latter  approach  is  favored  for  forgings  containing  thin  rapid-cooling  sections.  For 
nickel-bate  superslloys,  the  maximum  reduction  is  usually  in  the  vicinity  of  30  per  cent. 

For  salvage  forging  operations  (s.g. ,  restriking  forgingf.  to  correct  dimensions, 
underfill,  etc, )  it  is  good  practice  to  impart  no  less  than  10  per  cent  reduction  during 
forging.  This  sometimes  requires  a  special  die  designed  slightly  smaller  than  the 
finishing  die.  Dies  for  salvaging  disk  shapes,  for  example,  arc  usually  designed  with 
webs  that  are  10  to  15  per  cent  thinner  than  normal.  Forgings  that  need  restriking  ate 
often  rough  machined  before  forging  to  assure  uniform  reductions  from  part  to  part, 

COMMENTARY  ON  FORGING  DESIGN 


The  greatest  use  of  nickel-base  superalloy  forgings  is  in  tv\rbojet-engine  applies - 
tious.  For  the  most  part,  shapes  required  consist  of  disks,  rings,  and  blades.  From 
the  previous  discussions,  it  is  apparent  that  the  forging  designs  are  restricted  to  com¬ 
paratively  simple,- generously  contoured  shapes,*  In  the  case  of  disks,  for  example, 
the  webs  are  rarely  thinner  than  3/4  inch  when  forged  from  such  alloys  as  Rene  41  or 
Udimet  500.  As  a  rule,  radius -to-thickne as  ratios  fall  betwe-n  5:’  ’  15:1.  For 

example,  the  normal  web  thicknesses  for  disks  of  three  sizes  would  be  as  follows: 

Disk  Diameter,  Normal  Web  Thickness, 

inches  _ inches _ 


10  0. 5-1,0 

20  1. 0-2.0 

10  1.25-2,5 

Thinner  webs  arc  possible  by  forging  with  additional  reheating  step- ,  IjuI  tlo  s.o  iii- 
aveasea  th-;  risk  of  "critical-strain  effects". 


•Forging -dciigrt  p'icticei  for  nickel-biw  »uper«Uoyj  are  lUo  usicilbed  In  Oltptei  *. 
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Empirical  forgeability  rating*  (Tablt.-  l7-i)  Indicate  the  relative  forging  difficulty 
for  varioui  alloy! >  but  thcee  ratings  are  not  u».ect)y  relatable  to  specific  forging  de¬ 
signs  or  dimensions.  Such  ratings  are  useful  in  a  general  sense,  ho-vever,  since  the 
more  forgeable  alloys  can  be  forged  in  a  greater  variety  of  shapes  and  to  arnaller  sec¬ 
tion  siaes,  and  require  the  least  number  of  f.>rglng  operations. 

It  is  helpful  to  look  upon  the  nickel-base  supcralloys  as  consisting  of  two  groups. 
The  first  group  (Croup  I)  would  consist,  of  the  more  readily  forged  alloys  such  ae  Incoloy 
Alloy  901,  Hastelloy  Alloy  X,  Inconel  Alloy  718,  and  Nimonic  80A,  The  second  group 
(Croup  II)  includea  alloys  that  are  difficult  to  forge  such  as  Udimet  SOO,  Ildlmet  700, 
Rene  41,  and  Astroloy.  Such  groupings  perntit  a  more  comprehensive  diacuesion  of 
forging  designs. 


Forging  Siae.  Table  17-7  preeenta  data  on  the  slae  of  typical  forgingfl  reported 
for  several  nickel-baae  auperalloya,  Repraaentatlvaa  from  forging  companies  report 
that  the  nine  potential  for  svperalloys  la  in  the  neighborhood  of  1800  plan  Inches  for 
simpla  shapes  and  probably  half  that  for  ahapas  having  ribs  and  webs.  Limits  on  section 
else  result  from  forging-pressure  requirements.  Small  forgings,  such  as  blades,  are 
rarely  forged  to  section  thicknesses  less  than  1/4  Inch  from  the  Group  11  alloys.  In 
hammer  forging,  there  la  always  the  risk  of  cracking  caused  either  by  excessive  tem- 
perabire  increases  or  strain-rate  effects.  Practical  section  thicknesses  are  given  in 
Table  17  -8  for  various  slaet  of  die  forgings  from  alloys  in  each  of  the  two  groups. 


Availability.  Figure  17-11  Illustrates  the  most  common  designs  that  have  been 
produced  successfully  from  nickel-base  superalloys  In  production-lot  quantities,  The 
part  illustrated  In  Figure  17-12  Is  typical  of  the  type  of  structural  designs  that  can  be 
forged  from  the  Group  II  alloys.  The  Impeller  forging  shown  In  Figure  17-13  was  made 
on  an  experimental  basis  from  Waspaloy  and  on  a  semi-production  basis  from  Inconel 
Alloy  X-750,  This  intricate  design  Is  not  considered  practical  because  of  high  tooling 
and  processing  costs.  However,  the  part  does  illustrate  that  such  close-tolerance  de¬ 
signs  are  within  the  technical  capability  of  present-day  forging  technology. 


TABLE  17-7.  SIZES  OF  FORGINGS  SUCCESSFULLY  FORCEO  FROM  SEVERAL  NtCKEI,-''ASE  SUPERALLOYS 


Alloy 

forglng- 

Dlfficulty 

Group 

Type  of 

Forging 

Forging  Size 

Maximum 

Dime.irion, 

in. 

Weight, 

lb 

Incoloy  Alloy  901 

, 

Hub 

22  long 

190 

Disk 

45  dll. 

650 

Inconel  Alloy  X-7S0 

I 

Impeller 

8  die. 

" 

Rene  41 

It 

Disk 

26  die. 

241 

Disk 

45  die. 

Hub 

20  dia. 

200 

Disk 

44  dla. 

950 

Disk 

30  -lU. 

950 

Udlmet  600 

11 

Disk 

45  dia. 

700 

Wiipiloy 

11 

Disk 

34  dia. 

.“SO 

Disk 

33  dla. 

250 

Disk 

1''  dia. 

180 

Aitroloy 

11  . 

Disk 

36  dia. 

170 

TABLE  17-8.  SUGGESTED  MINIMUM  SECTION  SIZES  FOR  NICKEL-BASE 

supekalloy  forcings 

Minimum  Section  Size, 

inch 

Group  1 

Group  II 

Small  Forgings, 
up  to  to  lb 

3/16 

3/8 

Medium  Forgings, 

10  to  SO  lb 

1/2 

o/'-i 

Large  Forgings, 
over  50  tb 

G/*; 

) 

1 

I 


D.  Incoloy  V01  ^hsft  ot.d  Disk 

Disk  DiamsUr:  -vlS  !nck«i 
Skoft  Lvngth:  ^18  ><fch«s 

FIGURE  17.1!.  TYPiCAL  MICKEL  BAiC  SUPERALLOY  PARTS  FORGED  TC  BLOCKER 
AHD  COMMERCIAL  DESIGNS  IN  PRODUCTION 

A,  3,  and  C  —  Cawlaay  WymomCordon  Compony 
n  ly  ^  K»#o  Vfg,!,., 


C.  Ran*  41  Conlcol  %hoR 

20  «neh«s 


FIGURE  17.12.  TYPICAL  STRUCTURAL  FORCING  DESIGN  PRODUCIBLE  PROM 
NICKEL.BASE  SUPERALLOYS  ON  A  COMMERCIAL  BASIS 


FIGURE  17.13.  WASPALOY  IMPELLER  IS  AN  EXAMPLE  OF  CLOSE-TOLERANCE 
FORGING  DESIGN  PRODUCIBLE  FROM  NICKEL-BAS« 
SUPERALLOYS  ON  AN  EXPERIMENTAL  BASIB 
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CHAPTEk  18 


COLUMBIUM  AND  CULUMBIUf/)  ALLOYS 


CryttsUlns  Struetursi 

Bodyrsntarsd  cubic 

Phase  Changn; 

Non* 

Numbar  of  Phases: 

On*  at  forging  tomperoturoB 

SoliduB  Ti>piB«rotur«t 

Unalloyad  -  4475  F 

Alleys  -  4100  <e  4700  F 

Raaetten  Whan  Haotod  In  AIr 

Continue-;;^  OKidotion  aLovo 

about  1000  F-  got  con- 
tominatlon  obovo  about  750  F 

ALLOYS  AND  FORMS  AVAILABLE 

Nominal  compositions  and  forging  characteristics  of  columblum  and  several  colum- 
bium  alloys  are  given  in  Table  18-1.  Relatively  little  forging,  other  than  in  ingot  break¬ 
down  operations,  has  been  done  on  columblum  alloys;  most  of  the  closed-die  forging  ex¬ 
perience,  has  been  with  unalloyed  columblum  and  the  Cb-lZr  alloy.  Hence,  the  forging 
characteristics  indicated  for  seve  a1  alloys,  by  necessity,  are  based  on  information 
available  for  breakdown  fabrication  of  cast  ingot  <0  sheet  bar  and  heavy  plate. 

Columblum  and  several  of  its  alloys  (such  as  Cb-lZr  and  Cb-33Ta-lZr)  are  read¬ 
ily  cold  workable  and  may  be  forged  directly  from  as-cast  ingot.  The  more  highly  al¬ 
loyed  compositions  containing  tungsten  or  molybdenum  (such  as  Cb-15W-5Mo-lZr)  gen¬ 
erally  require  hot  breakdown  fabrication  by  extrusion  to  overcome  undesiv-'-’e  features 
of  the  cast  structure  and  insure  adequate  forgeability.  After  initial  breakdown,  most  of 
these  alloys  are  ductile  below  room  temperature.  This  has  been  evidenced  by  the  ability 
to  roll  many  of  the.  alloys  with  up  to  90  per  cent  reduction  at  or  near  room  tomperaiure, 

Columblum  and  its  alloys  are  generally  prepared  commercially  in  the  fornn  of 
cylindrical  cast  ingots  by  consumable-electrode,  vac.ium-arc  or  electron-besm  meitlng. 
The  most  common  ingot  sizes  are  6  to  8  inches  in  diameter,  but  ingots  up  to  16  inches  in 
diameter  are  reported  to  be  available  for  some  alloys. 
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TABLE  18-1.  NOMINAL  COMPOSITION  AND  rORGING  CHARACTERISTICS  OF  CULUMBIUM  AND  SEVERAL  COLUMUiUM 

ALLOYS(  1.2,3) 


Nominal 

Compokltion,  w.  % 

Designation 

Approx. 
Solidus,  F 

Approx.  Minimum 
Recryu.:aUization 
Temperature,  F 

Approx.  Minimum 
Ii'.)f  Working 
Temperature,  F(*) 

Forgln..  Temperature,  F 
Norma!  Lowest 

Range  Repotted 

Forgeability 

99.2  Cb 

Unalloyed 

4475 

1900 

1500 

RT-20PG 

RT 

Exccllefit 

Cb-lZr 

FS-80 

4360 

1900 

2100 

RT-2300 

RT 

Excellent 

Cb-33Ta-tZr 

FS-82 

4570 

2200 

2400 

1900-2700 

RT 

Good 

Cb-28Ta-10W-iZr 

FS-85 

4695 

2250 

2400 

2300-2.50(<'^l 

Goo<f^^ 

Cb-lOTi-lOMo-0. 1  C 

D-31 

4100 

2200 

2300 

1900-2700 

1900 

Moderate 

Cb-lOW-lZt-0. 1  C 

0-43 

4700  , 

2100 

2200 

2000-220C^'^J 

- 

Motiefatr^^) 

Cb-10W-5Zr 

Cb-74(‘’) 

4400 

2200 

2500 

2200-2600 

2200 

Moderate 

Cb-10W-2.SZt 

Cb-752 

- 

2100 

2300 

2200-260(/®J 

- 

Good(') 

Cb-16W-SMo-lZi 

F-48 

4500 

2600 

3000 

2400-3000 

1850 

Fair 

Cb-lOTa-lOW 

SCb-291 

4710 

2100 

2400 

1700-2200 

1600 

Good 

Cb-5V-SMo-lZr 

B-66 

4300 

2100 

2400 

!200-300rf‘^) 

" 

Moderate^ 

Cb-lOW'10Hf-0.1Y 

C-123y 

2000 

2200 

20CO-22orf‘=) 

... 

Goo</'J 

(»)  Minimum  hot  working  temperature  U  defined  as  the  loweit  temperature  at  which  the  alloy  will  begin  to  recrystalilze  during 
forging.  Below  theie  temperaturci,  the  alloys  ate  cold  worked. 

(b)  Productiun  of  alloy  discontinued;  replaced  by  Cb  752. 

(c)  Based  on  ingot  breakdown  and  breakdown  tolling  experience. 


FORGING  BEHAVIOR 


Alloys  containing  titanium,  vanadium,  tantalum,  molybdenum,  and  tungsten  are 
solid- solution  strengthened  by  these  additions.  These  alloying  elements  also  raise  the 
recrystallization  temperature  and  enhance  the  retention  of  elevated  tf>mT>erature 
strength.  Zirconium  and  hafnium  dispersion  harden  columbium  by  reacting  with  oxygen 
or  carbon  present  in  the  base  materials  as  a  residual  impurity  or  as  an  inioiitional  ad¬ 
dition.  Alloy  s  containing  large  amounts  cf  dispersed  phases  generally  have  "oduced 
forgeability.  Since  most  of  the  alloys  have  been  designed  for  high  strength  at  elevated 
temperature,  they  commonly  contain  both  types  of  alloying  elements. 

Primary  working  (i.  e.  ,  cast  ingot  breakdown)  of  the  high-strength  alloy's  requires 
temperatures  from  about  2200  F  to  3000  F.  Secondary  working  operations  as 

closed-die  forging  and  rolling  can  then  be  carried  out  at  temperatureo  from  abu  .i.  25CC  f' 
to  as  low  as  1000  F.  Because  most  of  the  alloys  in  Table  18-1  can  w  .aE'.ur.;:: 
amounts  cf  hot-cold  work  without  intermediate  ai.neaUns,  once  in  the  wrought  condition, 
it  should  Le  possible  to  selecl  forwhig  temperatures  that  represent  a  best  compromise 
between  I'orgeability'  and  forging-pressure  requirements. 
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TEMPERATURE,  P 

FIGURE  I8  i.  FORGING  PRESSURES  OF  TWO  COLUMBIUM  ALLOYS  FOR 
2SX  UPSET  REDUCTION  AT  VARIOUS  TEMPERATURES 

DATA  FOR  UOIMET  SOO  SHOWN  POR  COMPARISON. 

APTER  MEMY<*> 


In  forging  jet-engine  blades  from  these  two  columbium  alloys  at  Thompnon-Ramo- 
Wooldridge(5)^  two  different  procedures  for  producing  the  blade  preform  were  required 
because  of  the  differences  in  forgeability.  The  Cb- lOTi- lOMo-0.  1C  alloy  p.eforms 
could  be  produced  by  a  comb'  mtion  cr  end  upsetting  and  roll  forging.  Both  cf  these 
operations  require  good  lateral  ductility.  With  the  Cb-20W“  10Ti“6Mo  alloy,  the  pre¬ 
forms  had  to  be  made  from  larger  bar  stock  by  a  combination  of  extrusion  and  a  low- 
reduction,  closed-die  blocker  forging  operation. 

Forging  pressures  for  the  various  columbium  alloys  can  be  estimated  to  some 
extent  from  the  elevated-temperature  propeities  given  in  Table  18-3.  included  in  tho 
table  are  data  for  unalloyed  molybdenum  and  for  the  Mo-0.  STi-O.  082.1'  (TZM)  alloy  to 
permit  comparisons.  These  data  indicate  th^t  some  of  the  columbium  alloys  are  much 
stronger  thar.  the  Mo-0.  5Ti-0.  08Zr  (TZM)  alloy.  For  example,  at  2000  F  the  Cb-15.1'^- 
5Mo-lZr  alloy  is  about  twice  as  strong  as  the  molybdenum  alloy. 

Most  likely,  columbixim-alloy  forgings  wiU  l>c  used  for  many  future  applications 
in  the  wrought  and  stress-relieved  condition  to  take  advantage  of  the  higher  strengths 
that  are  possible  by  hot  cold  working.  Ingram  and  Ogden(6)  have  summariz'd  the  gen¬ 
eral  behavior  of  refractory  metals  and  alloys  \irder  hot-cold  working  conditions,  .hat 
\/ould  be  representative  of  many  closed-die  forging  operations.  Altl. '  -gi.  .'.i'.t.i  -are 

presented  for  columbium  and  its  alloys,  they  prtvide  some  insight  to  forging  behavior 
under  hot  cold  working  conditions  and  the  effects  of  forging  variables.  In  the  hot-cold 
working  :  ange,  the  ine;.hanical  properties  o'!  columbium  and  columbium  alloys  will  be 
strongly  influenced  by: 


(1)  Amount  of  reduction  after  the  final  anneal 

(2)  Working  temperature 

(3)  Intermediate  annealiiig  tempe'‘atnre. 

Similarly,  these  variables  will  influence  forging  behavior  and,  to  a  large  extent,  govern 
the  actual  forging  sequence  and  procedur“S. 

TABLE  18-3.  COMPARATIVE  TENSIU.  PROPERTIES  OF  COLUMBIUM  AND  SEVERAL 
COLUMBIUM  ALLOYS  AT  TEMPERATURES  CORRESPONDING  TO 
TYPICAL  FORGING  TEMPERATURFS^*>®> 

Data  lor  Molybdenum  end  TZM  Included  for  Coi  >partsnn 


Alloy 

Tem{ierttute.  F 

Tensile  Suengih, 
1300  pO 

Yield  Strength, 
1000  p«l 

Elongation, 
per  cent 

UnsUoyed  Cb 

RT 

40.0 

30.0 

30 

1800 

12.6 

— 

37 

2000 

10.0 

8.0 

42 

Cb-lZt 

RT 

48.0 

36.6 

16 

2000 

23.0 

8C.6 

14 

2600 

8.6 

6.6 

>60 

Cb"2aT«-10W-Ui 

2000 

36.0 

29.6 

27 

23U0 

26.0 

82.0 

36 

2600 

14.6 

14.0 

76 

Cb-lOTI-lOMo-0. 1C 

2000 

28.0 

86.6 

36 

2300 

n.6 

— 

86 

2600 

10.0 

8.0 

100 

Cb-lOW-2.  Sir 

2000 

4L.0 

31.6 

16 

2200 

33.6 

86.0 

87 

2400 

23.0 

18.5 

44 

Cb-16W-8Mo-lZt 

2000 

64.0 

68.0 

88 

2300 

60.0 

46.0 

SO 

2600 

38.0 

31.0 

66 

UnsUoyed  Mo 

2200 

81.0 

11.0 

38 

2400 

11.0 

6.0 

67 

Mo  -0. 6T1-0.  OBZt  (TZM) 

2000 

36.5 

81.0 

I!l 

2600 

86.0 

16.6 

18 

3000 

17.6 

11.0 

80 

In  working  the  alloys  at  temperatures  below  their  recrystallisation  temperatures, 
higher  forging  pressures  will  be  required  v/ith  progrertively  increasing  amounts  ci  de¬ 
formation.  This  is  illustrated  in  Figure  18-2  by  the  room-temperatare  yield  strength  of 
columbium  and  two  of  its  alloys  after  various  amounts  of  cold  work.  It  can  be  neen  that 
the  rate  of  work  hardening  is  greater  for  the  alloys  than  for  unalloyed  colurnbivun,  aii  1 
that  the  yield  strength  can  be  increased  as  much  an  25,000  psi  by  reductie:  ir.  xhz  or.l;ir 
of  'j0%.  Increaai.ig  the  amount  of  cold  reduction,  however,  also  lowers  th^  r<cry8taUia.i- 
tion  tempepfrtr-t 
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PlfiURe  1S-2.  ePPICT  OP  cold  working  reduction  on  the  strength 

OP  COLUMBIUM^AND  COLUMBIUM  ALLOYS  AT  ROOM 
TEMPERATURE'*' 

DATA  MOLYBDENUM  INCLUDED  POR  COMPARISON 


Varying  the  working  temperature  below  the  minimum  recryetaUi*ation  tempera¬ 
ture  does  not  have  ai(;nificant  effecta  oh  strength,  since  strength  is  controlled  primarily 
by  the  amount  of  strain.  However,  in  the  hot-cold  working  region,  the  working  tempera¬ 
ture  exerts  a  pronounced  effect  on  the  amount  of  strain  required  to  reach  a  dei«ired 
strength  level.  As  the  working  temperature  is  increased,  the  working  reduction  must 
also  be  increased  to  result  in  a  corresponding  amount  of  strain  hardening. 


COMMENTARY  ON  FORGING  PRACTICES 

Alloys  such  as  Cb-lZr  and  Cb-33Ta-lZr  are  readily  forgeable  directly  from  as- 
cast  ingot.  Two  examples  of  large  Cb-lZr  die  forgings,  weighing  up  ’  100  pounds, 
produced  directly  from  arc-cast  ingots  are  shown  in  Figure  18-3.  Die  forging  of  the 
Cb-lZr  alloy  is  quite  similar  to  that  for  alpha-titanium  alloys,  except  that  greater  pre¬ 
caution  must  oe  taken  against  contamination  and  higher  forging  pressures  ari*  recih.-rr 

As  shown  in  Figure  18-3,  parts  directly  forged  from  cast  ingots  may  contain  shal¬ 
low  surface  laps  and  wrinkles  traceable  to  the  co..rse  grain  structure  For  suen  large 
forgings,  therefore,  ample  allowances  must  be  made  for  surface  finishing  to  compensate 
for  both  wrinkling  and  contamination.  Alternatively,  to  avoid  excessive  mat;'  .'i:;!  losses, 
it  may  be  desirable  to  initially  ferge  the  ingot  between  flat  dleo  to  break  up  the  r  .  arse 
grain  structure  before  finish  forging. 

In  tSeir  .-itudies  or  the  Cb-10W-5Zr  alloy.  Darby  md  Carson^^)  reported  that  ex¬ 
truded  and  reo.rystallized  material  has  adequate  workability  and  is  amenable  to  closed- 
die  forging.  Examples  of  a  small  part  hammer  forged  at  2200  to  2400  F  in  this  alloy  are 
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FIOURC  11-3.  CM.lZr  ALLOY  PARTS  PORORD  FROM  AS-CAST  INGOTS  AT  2250  F 


Cttwftnay  ®l  Wyfn«n»Co»0on  Compony 


shown  in  Figure  18-4.  Some  difficulties  .  are  experienced  in  achieving  complete  die  fill, 
because  of  a  pronounced  tendency  of  the  alloy  to  flow  laterally,  as  evidenced  by  the  large 
amount  of  flash  on  the  parts.  Satisfactory  protection  against  atmosr'heric  contamination 
of  theae  parts  was  achieved  with  an  Al-10Cr-2Si  nttoy  coating  applied  by  dipping  at 
1500  F  and  subsequently  diffusing  at  1900  F  in  argon.  This  coating  when  applied  in  thick¬ 
nesses  of  2  to  4  mils  was  found  particularly  useful  between  2000  and  2600  F. 


PiCURI  1I-4.  Cb>WW.SZr  aOttO^MI 
PORONCS  PRODUCED  AT 
2900  TO  2400  H4)  (AS. 
PORCED,  PLASM  RIMOVRD) 
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The  forging-pressure  requirements  for  alloys  such  as  Cb-10W-5Zr  are  consider¬ 
ably  higher  than  normally  encountered  in  routine  production  forging  operations.  As  a 
rough  comparison,  Darby(^)  estimated  that,  on  a  given  part  of  8640  steel  that  cotild  be 
forged  on  a  2000-pound  hamn.er  and  in  titanium  on  a  5000-pound  hammer,  the  columbiiun 
alloy  would  probably  require  a  14,000-pound  hammer.  Accordingly,  the  combination  oi 
high  temperatures  and  high  pressures  required  to  forge  euch  columbium  alloys  would 
dictate  that  stronger  and  more  wear-resistant,  high-temperature  die  materials  would  be 
required  than  normally  used  in  routine  production  forging  operations. 

A  typical  shop  forging  practice  is  illustrated  by  the  procedure"  making  large 
rings  of  the  Cb-lOTa-lOW  alloy  described  by  Perryman(T).  The  finished  dimensions  of 
the  ring,  contoured  on  both  the  inside  and  outside  faces,  were  35-  1/2  in.  OD  hy  30  in.  ID 
with  a  3-3/8  in.  face  height  (Figure  18-5).  Starting  with  17-1/2-iMch  long  sections  c’' 
from  conditioned  8-inch-diameter  ingots  end  weighing  about  300  pounds,  the  rings  were 
produced  by  the  following  sequence  of  operations; 

(1)  Upset  ingot  sections  to  pancakes  approximately  5-1/2  to  0  incheo  high 
by  14  to  15  inches  in  diameter  on  a  1500-ton  forging  press. 

(2)  Punch  5-3/4-inch-dianieter  hole  in  pancake  to  form  heavy-  vail  ring. 

(3;  Mandrel  for'  to  a  ring  having  a  10  to  11  inch  ID  and  a  3  to  4  inch  wall 
thickness  on  a  3500-pound  steam  .lammer. 


(4)  Coi.  i  and  condition  surface  by  spot  grinding. 


(5)  Straight  roll  on  •  r.ng  rollfig  mill  tn  •  ring  •)>proximately  25  in.  CD 

Kv  !  “i  |n.  tn  on  hAmn.*r. 

(o)  Coni>..r  roll  on  ring  fotll  to  Un>*r.  oimen*t.  i  «. 


Upeet  and  pwch 

1100 

1780 

2 

Mandrel  forge 

HOC 

1600 

1 

Straight  roll 

HOC 

1800 

4 

Contour  roll 

2100 

1700 

9 

Starting  billvta  war*  co*t*d  with  a  glaaa  frit  and  h«at*d  in  a  gaa-fircd  furnac*  with  a 
■lightly  rnducing  atmoapher*.  The  over-all  oxidation  loaa,  baaad  on  the  differenc*  be* 
tween  the  atarting  billet  weight  and  the  aa-rolled  ring  weight,  averaged  .  ..  ol  iO  per  cent 
of  the  atarting  billet  weight.  Surface  removal  to  a  depth  of  1/8  inch  by  rough  Tr*arhining 
eliminated  all  effects  of  aurface  contamination  After  vacuum  annealing,  the  rlr^^s  ex¬ 
hibited  a  recryatalliaed  grain  aize  of  ASTM  4  to  6,  and  mechanical  properties  cumpe- 
rable  to  those  obtained  in  sheet. 
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CHAPTER  19 

TANTALUM  AND  TANTALUM  ALLOYS 


Cry(tol!ln*  Structure 
PhQit  Chongci! 

Numb*'  ol  Pha(*«! 

Sail  Jut  Ttmparahirai 

Raactian*  Whan  Haatad  in  Alri 


Bodycantartd  cubic 
Nona 

Utually  on.  at  forg'  g  tamparotura 

Unolloyad  -  5425  P' 

Alloy  I  -  4400  to  5500  F 

Contlnuoua  oxidotion  obova 
1100  F;  got  contomlnotlon 
obova  gbout  700  F 


ALLOYS  AND  FORMS  AVAILABLE 


Table  19-1  givee  the  nominal  compoeltione  and  forging  characterlstlca  of  tantalum 
and  several  tantalum  alloys  mat  have  been  nuccessfully  forged.  (1>  2)  Applications  for 
most  of  these  compositions  have  been  primarily  in  the  form  of  sheet;  thus,  most  of  the 
forging  experience  has  been  concerned  with  the  conversion  of  ingots  to  sheet  bar.  Die 
and  ring  forgings  have  been  successfully  produced  on  a  limited  scale  from  unalloyed 
tantalum  and  from  the  Ta-lOW  alloy. 

TABLE  19-] .  NOMINAL  CC»4PO’’TION  AND  FORGING  CHARACTERISTICS  OF  TANTALUM  AND 
SEVERAL  TANTALUM  ALLOYS(1.8) 


Nominal 

Compoiitlon, 

writ 

Approx. 

SoUdut, 

t 

Approx.  Minimum 
Recryitallisatlon 
Temperature.  F 

Approx.  Minimum 

Hot  Working 
Temperature, 

Normal  Forging 
Temperature 
Range,  F<'*> 

Forgeabilityi^l 

9».  9Ta 

642S 

2000 

2400 

kT-2CSU 

Excellent 

Ta-lOW 

5495 

2400 

3000 

^800-2300 

Good 

Ta-12.SW 

5520 

2760 

>3000 

>2000 

Good 

Ta-30Cb-7.6V 

4400 

2200 

2800 

2200-2400 

G((Cd 

Ta-8W-BHf 

5400 

2800 

>3000 

>S000 

Good 

Ta-10W-5Hf 

5420 

2400 

3000 

2100-2300 

Fait 

(a)  Mininiuin  hot  working  temperature  it  defined  at  the  loweit  forging  temperature  at  which  the  tllcyr  ..egln  to  recrystelUze 
during  foiglug.  Below  these  temperatures,  the  alloyt  ate  cold -worked, 

(b)  Bated  on  ingot  breakdown  and  breakdown  rolling  experience. 

Ur'aUoyad  tantalum  and  Its  alloys  arc  prepared  commercially  by  po'..'dev  ii.ccal"- 
lurgy,  coniiumabie-electrodt.*  arc  melting,  and  electron- beam  melting,  '^■illcts  prepared 
by  powder-m-'tsiXurgy  techr'ld-ea  are  not  amenable  to  direct  forging,  but  most  of  the 
alloys  listed  in  T;^blc  19-1  can  be  directly  forget,  from  cast  Ingots.  The  most  common 
ingot  sizes  arc  6  •iO  8  inches  In  diameter  but  ingots  up  to  about  16  inches  in  diameter  are 
reported  to  be  avf  liable  for  some  alloys. 
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FORGING  BEHAVIOR 


Unalloyed  tantalum  and  most  of  the  single-phase  alloys  listed  in  Table  19-1  are 
readily  forgeable  directly  from  cast  ingot.  To  reduce  the  resistance  to  deformation  and 
to  overcoira  undersirable  effects  of  the  coarse-grained  cast  structure  such  as  'wrinkles, 
laps,  and  Internal  cracking,  initial  ureakdov/n  forging  operations  are  almcst  always 
performed  at  fairly  high  temperatu .  ■*s  in  the  hot-cold  working  ran;je  —  generally  between 
2000  and  2400  F.  After  about  5C  per  cent  reduction,  the  forging  temperatures  for 
several  of  the  alloys  can  be  reduced  below  2000  F  with  no  difficulty. 

The  forging  behavior  of  the  Ta-lOW  alloy^  which  there  has  been  the  most  shop 
production  experience,  is  representative  of  most  o.'  the  single-phase  tantalum  alloys. 
Interstitial  impurities  such  as  carbon,  oxygen,  and  nitrogen  have  a  deleterious  effect  on 
forgeability.  Torti(^)  reported  that  the  forgeability  of  the  Ta-lOW  alloy  is  drastically 
reduced  as  the  carbon  level  increases  from  1  5  to  120  ppm.  This  is  illustrated  in 
Figure  19-1  by  the  biilcis  upset  at  2000  F  from  small  ingots  with  carbon  levels  in  this 
range.  Similarly,  oxygen  at  levels  much  above  100  ppm  causes  difficulty  in  initial 
breakdown  and  in  conditioning  the  ingots.  To  permit  direct  forging  of  cast  alloy  Ingots, 
the  carbon,  oxygen,  and  nitrogen  levels  are  each  held  to  less  than  50-75  ppm,  and  the 
total  interstitial  content  to  less  than  150  ppm. 


FIGURE  19-1.  FORCEAGILITY  TEST  SAMPLES  OF  Ta-10W  UPSET 
FORCED  AT  2000  9  FROM  SMALL  INGOTS(S) 
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Ta-lOW  alloy  ingots  can  be  readily  forged  at  2000-2200  T,  According  n  tTational 
B.esearch  Corporation'^),  breui-down  forging  below  1800  F,  or  continued  'vri.tkin^  below 
1500  F  can  cause  internal  crack'ng.  Binary  Ta-W  alloys  with  higher  tvuigsten  contents 
also  can  b'"  directly  forged,  but  higher  temperatures  nrt  required  th  .n  for  the  Ta-lOW 
alloy  and  '/-lilds  are  pc  -  .•■•’.r.  Several  forging  vendors  have  observed  that  the  forgeability 
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of  Ta-W  alloys  at  2000-2200  F  decreases  sharply  (i.  e,  ,  conditioning  losses  increase 
sharply)  at  vungsten  levels  greater  than  12.  5  per  cent.  For  this  re?  ion,  12,  5  per  cent 
tungsten  is  regarded  as  the  maximum  permissible  tantalum  ingot  ^^r  adequate  forge¬ 
ability  in  direct  forging. 

In  general,  the  single-phase,  or  solid- solution,  alloys  of  tauntalum  are  more 
forgeable  than  the  two-phase  alloys.  Fo  example,  Battellel^)  observed  that  fhe  single¬ 
phase  Ta-30Cb-7.  5V  alloy  exhibited  much  better  forgeability  than  the  two-phase  Ta- 
lOHf-5W  alloy.  The  Ta-10Hf-5W  alloy  contains  a  hafnium-rich  phase  in  the  tantalum- 
rich  matrix  as  an  equilibrium  constituent  at  temperatures  below  2700  F.  Thus,  mini¬ 
mum  requirements  for  direct  forging  this  allc-y  wouiu  probably  involve  the  use  of  a 
homogenization  treatment  and  ingot  preheating  temperatures  well  above  2700  F.  Through 
the  use  of  extrusion  at  temperatures  above  3000  F  to  break  down  the  cast  ingot  structure, 
however,  the  Ta-10Hf-5W  alloy  can  be  forged  readily  at  temperatures  as  low  as  2150  F. 
By  comparison,  Battelle's  experience  with  the  Ta-30Cb-7.  5V  alloy  Indicates  that  direct 
forging  of  cast  ingots  at  temperatures  of  about  2400  F  should  be  practicable. 

Like  columblum,  tantalum,  and  its  alloys  are  contaminated  by  exposure  to  air  at 
elevated  temperatures.  Oxidation  at  forging  temperatures  not  only  forms  a  hard, 
brittle  surface  oxide,  but  also  an  oxygen  contamination  zone  below  the  surface,  which 
progresses  inward  with  continued  heating.  This  is  usually  not  detrimental  to  workability 
in  heavy  sections,  but  can  seriously  impair  forgeability  where  repeated  heatings  would 
be  necessary  to  die  fcige  a  part  with  thin  sections. 

For  lack  of  actual  forging  pressure  or  flow  stress  data,  forging  pressures  for  the 
various  tantalum  alloys  can  be  estimated  to  some  extent  from  the  elevated- temperature 
properties  listed  in  Table  19-2,  As  these  data  show,  the  Ta-lOW,  Ta-12,  5W  and  Ta- 
10Hf-5W  alloys  have  about  the  highest  yield  strengths  over  their  normal  forging  tem¬ 
perature  ranges.  Since  the  alloys  are  generallv  forged  at  hot-cold  working  tempera¬ 
tures,  the  forging  pressures  will  increase  with  progressively  higher  reductions.  This 
is  illustrated  in  Figure  19-2  by  the  increase  in  room-temperature  yield  strength  of 
tantalum  and  the  Ta-lOW  alloy  wlv..  h.creasing  amounts  of  cold  work(5).  Limited  forg¬ 
ing  data  for  the  Ta-30Cb-7.  5V  alloy  upset  between  flat  dies  in  a  hydraulic  press  at 
2200  F  show  that  actual  forging  pressures  increased  from  about  40,  000  psl  at  the  start 
of  deformation  to  about  1 30,  000  psi  at  50  per  cent  reductlon(^). 


FIGURE  19-2.  EFFECT  OF  COLD  WORKING 
ON  THE  STRENGTH  OF  TANTALUM  ANO. 
To-inii  ALLOY  AT  ROOM  TSMPERATURi:'^' 


DATA  FOR  MOLYBDFHUM  INCLUDED  Fn>. 
COMPARISON 
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TABLE  19-2.  COMPARATIVE  TENSILE  PROPERTIES  OF  TANTALUM  AND 
SEVERAL  TANTALUM  ALLOYS  AT  TEMPERATURES  COR¬ 
RESPONDING  TO  TYPICAL  forging  TEMPERATURES(1.  2) 


Dtu  for  Molybdenum  and  TZM  IncluLid  for  Comparison 


'.Uoy 

Temperature, 

t 

Tensile 
Strength. 
1000  psl 

Yield 
Strength, 
1000  psl 

Elongation, 
per  cent 

Unalloyed  Ta 

RT 

67.0 

57.5 

25 

1800 

22.0 

12.0 

33 

2000 

17.0 

8.0 

43 

Ta-lOW 

2000 

60.5 

55.0 

11 

2400 

39.6 

34.5 

19 

3000 

19.0 

16.5 

84 

Ta-12.5W 

2200 

SO.S 

38.0 

18 

2700 

33,0 

23.0 

30 

3000 

22.0 

16.5 

55 

Ta-30Cb-7.5V 

1800 

76  0 

53.0 

38 

2200 

46.0 

33.5 

61 

..  2480 

33.0 

27.0 

87 

2700 

19,0 

16.0 

>100 

Ta-8W-2Hf 

2000 

61.0 

35.0 

18 

2200 

49.5 

28.5 

25 

2700 

31.0 

24.5 

30 

3000 

15.0 

12.0 

48 

Ta-10Hf-5W 

2200 

50.0 

39.0 

8 

2400 

41.5 

30.5 

10 

2600 

37.0 

25.0 

17 

3000 

18.5 

15.0 

'»  4 

Unalloyed  Mo 

2200 

21.0 

11.0 

38 

2400 

11.0 

6,0 

57 

Mo-0.5Ti-0.08Zr  (TZM) 

2000 

35,5 

21.0 

20 

2500 

26.0 

16.5 

19 

Cwifftiy  CdjtW  $ft»l  ftrt*  Ctmptity 


COMMENTARY  ON  FORGING  PRACTICES 


Most  shop  forging  '•xperiences  with  tantalum  alloys  have  b:.en  on  the  Ta*10W  alloy 
and,  except  for  working  ingots  to  sheet  bars,  ha%e  been  limited  mainly  to  forging  rocket 
nozzle  and  ring  shapes.  In  general,  these  have  been  shapes  with  relatively  heavy  sec¬ 
tions  that  were  produced  directly  from  cast  ingots.  A  typical  sequence  of  onerations  in 
forging  rings  of  the  Ta-lOW  alloy  Is  shown  in  Figure 

For  such  parts,  the  ingots  are  usually  heated  to  2100-2200  F  in  gas-fired  furnaces 
adjusted  so  that  the  furnace  atmosphere  is  slightly  reducing.  Because  of  the  lar.ge  grain 
size  of  cast  ingots  and  the  oxidation  that  occurs  when  the  hot  billet  is  exposed  to  air 
during  forging,  the  as-forged  surface  can  be  quite  rough.  The  typical  surface  condition 
that  results  under  these  conditions  is  shown  in  Figure  19-4.  The  scams  on  the  heavily- 
wrinkled  surface  are  generally  less  than  0.  100  inch  deep. 


To  avoid  the  large  material  losses  associated  with  poor  surface  finish,  it  may  be 
desirable  to  breakdown  fhe  cast  ingot  structure  by  first  forging  bcvV>een  flat  die'  ind 
recrystalllzlng  the  billet.  Also,  for  relatively  small  closed-die  forgings,  it  be 
desirable  to  use  protective  coatings  to  minimize  surface  contamination. 


Two  types  of  coarlngs  have  been  used  with  success  for  protecting  tantalum  alloys 
against  oxidation  during  forging  —  alumlnides  and  glasses.  The  best  protection  is  pro¬ 
vided  by  aluminum  alloy  coatings  applied  by  hot  dipping.  For  example,  a  3-mil-thick 
coating  of  aluminum  prov.ded  effective  protection  against  oxidation  of  the  Ta-lOW  alloy 
heated  in  air  to  2500  F  for  30  minutest'^  A  50Sn-50Al  coating  on  Ta-lOW  alloy  samples 
has  provided  good  protection  against  oxidation  at  temperatures  up  to  3000  f(B).  In 
forging  at  2150-2400  F,  a  hot-dipped  Ai-12Si  alloy  provided  effective  protection  of  the 
Ta-30Cb-7.  5V  and  Ta-10Hf-5W  alloysC^).  This  coating  is  applied  by  dipping  billets  in 
the  molten  alloy  at  1650-1700  F  for  about  10  minutes. 


FIGURE  19-4.  SURFACE  CONUIllON  AFTER  SAND- 
BLASTING  OF  Te-ICW  ALLOY  FART 
FORCED  CIRECTLY  fKria  CAST  NGOT 

Courtesy  of  Com^r^n  Iron  Woii  ■ 


Me  Ali;c-coating8,  while  providing  the  best  oxidation  rtslstan.  e,  are  generally 
poor  lubricants,  Thiu:,  for  forging,  the  us-;  of  glass  coatings  would  seem  the  preferred 
choice  since  they  offer  both  protection  and  lubrication.  In  the  temperature  range  of 
2000  F  to  f.  lOO  F,  a  variety  of  borosllicate  glasses  are  available  that  W'ould  have  suit¬ 
able  charact-  sties  (i,  e. ,  viscosity,  reactivity,  etc.  ), 
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Forging  designs  will  depend,  to  some  extent,  on  the  condition  of  the  forging  billet. 
Cast  billets  usually  will  require  more  generous  allowances  for  machining  to  remove 
surface  defects  such  as  seams  and  shallow  laps  than  wrought-and-rerrystalli2.ed  billets. 
With  wrought  stock,  designs  can  be  pattern.^u  along  tie  .lines  of  stainless  steel  forgings. 
However,  because  die  forging  experience  is  limited,  materials  are  expensive,  and 
forging  pressures  are  high,  designs  should  be  of  more  generous  contour,  particularly 
in  the  fillet  and  corner  radii  on  parts  ha  'ng  vertical  projections  near  the  edges. 
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CHAPTER  20 

MOLYBDENUM  AND  MOLYBDENUM  ALLOYS 


Ciyilalllnt  Structure 

Body-canterad  euLlc 

Phat*  Changut; 

Nona 

Numbar  al  Phaias  Pratant; 

Unn  at  forging  tamparaturas 

Liguldut  Tangaratura; 

'Jnalloy.J  4730  F 

Mo-W  olloy»-4750  to  5400  F 

Othar  Mo  olloyi  --t650  to  4750  F 

Salidut  Tamgaratura; 

Unalloyad-4730  F 

Mo-W  alloy>-4700  to  5300  F 

Othar  Mo  olloyt-4700  to  4750  F 

Rcactiast  Wban  Haatad  In  Air; 

Continuout  oxidation  abova  ICCli  F; 
oxida  volotila  obova  1750  F. 

ALLOYS  AND  POitMS  AVAILABLE 


Nominal  compoaltlona  nnd  forging  characteristic!  of  molybdenum  and  several 
molybdenum  alloys  jsre  given  In  Table  20*  1.  As  a  rule,  molybdenum  alloys  may  be 
forged  over  a  wide  range  of  temperatures.  Since  the  alloye  have  higher  recrystalllsa- 
tlon  temperatures  than  unalloyed  molybdenum,  the  forging  temperatures  are  usually 
higher. 

Molybdenum  alloys  are  prepared  commercially  by  two  basic  methodst  (1)  v:Lcuui'ii 
consumable-electrode  arc  melting  and  (2)  pressing  and  sintering.  Melting  Is  preferred 
for  preparing  the  alloys  containing  reactive  elements  (e.g.,  titanium,  slrconlum,  etc,). 
Billets  from  arc-melted  Ingots  are  generally  extruded,  and  recrystallised  to  achieve 
grain  refinement  before  forging,  Bllletc  are  hot  rolled  for  smaller  billet  slaes. 
Pressed  and  sintered  billots  are  forged  directly,  BlUets  of  both  types  of  material  are 
available  commercially  In  sUes  up  to  about  6  Incnee  In  diameter. 


FORGING  BEHAVIOR 

Molybdenum  and  molybdenum  alloys  produced  by  powder-metallurKY  methoc^ 
normally  contain  fine  grains;  arc-melted  Ingots  contain  large,  radial -columnar  grains. 
These  two  conditions  are  illustrated  in  Figure  20-1, 

The  influences  of  billet  processing  history  on  forgeability  are  \ 

Table  20-2.  Pressed  and  sintered  billets  normally  have  a  dcasity  less  than  theoretical 
and  exhibit  :.onio  porosity-  u«>rticularly  at  the  billet  centers.  The  amount  of  porosity 
increases  wi.'h  increasing  uectlon  size.  Produc:ion  experience  indicates  that  forge¬ 
ability  improves  vith  increasing  density,  and  that  the  minimuni  density  for  reasonable 
forgeability  shoal-l  be  at  least  VO  per  cent  of  theoretical.  The  average  density  for 


PRISJED  AND  SINTERED 


ARC  CAST 


FIGURE  20-1.  TYPICAL  MACROSTRUCTURES  AND  MICROSTRUCTURES  OF 
PRESSED-AND-SINTERED  AND  ARC-CAST  MOLYBDENUM 


billets  larger  than  4  Inches  in  diameter  should  be  at  least  'ii  per  cent  of  theoretical, 
since  the  density  decreases  from  surface  to  center. 

TABLE  20-2,  INFLUENCE  OF  P'l.LET  HISTORY  ON  FORGEADIUTY  OF  MOi  VBDf.'.i.  .1  AND 

molybdenum  auoy^') 


Billet  Condition 

Commenti  on  Fotgeebillty 

Pteued  end  ilnteted 

C.tfnere'.lv  fotgeeble  In  itiy  dltecttoni  billet  cenieti  become  weeUet  with 
lnrrc.utng  diemeier  heceuie  of  decreeitng  dcntity:  lirge  bllleti  ere 
either  exttuded  or  ride  forged  before  die  fo'glng 

Arc  celt 

Not  fotgeeble  except  et  very  high  teinpetetutci  (3600  F  ot  highei) 

Ate  cut  end  extruded 

Fotgeebillty  impisvu  vith  Inctauing  extmelon  reUOi  >eUo  ui  4tl  li 
ebout  minimum  (ot  teuoneble  fotgeebillty 

Ate  cut,  exttuded,  enu 
rectytteUliad 

fotgeeble  in  eny  dltectlon;  bflleu  extruded  with  tetloi  of  leu  then  3il 
do  not  elweyt  reciytteiUse  completely  during  mbiequent  ennullngi 
hence,  they  often  ihov  reduced  upiet  fotgeebillty 

Because  of  their  coarse,  radially  oriented  grains,  arc-melted  ingots  are  generally 
brittle  when  subjected  to  tensile  deformation.  For  this  reason,  ingots  are  normally  ex¬ 
truded  at  warm-working  temperatures  with  at  least  a  2:1  ratio.  The  most  common 
practice  for  achieving  good  forgeability  consists  of  extrusion  at  hot-cold-wo.rklng  tem¬ 
peratures  with  at  least  a  4:1  extrusion  ratio,  and  recrystalliaatlon  of  the  extruded  bar 
to  refine  the  grain  siae.  The  forgeability  of  ars-cast  ingots  Improves  at  true  hot- 
working  temperatures,  but  such  procedures  have  not  proven  as  reliable  in  practice  as 
extrusion  breakdown.  Furthermore,  in  closed-die  forging  studies  on  the  Mo-0.  5Ti- 
O.OSZr  alloy,  Westlnghouse  found  that  billet  stock  produced  by  direct  forging  at  true 
hot-working  temperatures  did  not  have  as  Pood  forgeability  ai-:  extruded  and  rr.crystal- 
lized  billet  stock. 

»  ...  •••- 

Wrought  molybdenum  a..d  tnolybdenum-alloy  billets  with  a  fine  grain  structure 
may  be  forged  successfully  with  large  reductions  over  a  wide  range  of  temperatures  and 
deformation  rates.  This  has  been  demonstrated  in  forging  studies  on  arc-cast-and- 
extruded  billets  of  unalloyed  molybdenum  at  Lockheed(^)  and  the  Mo-0.  5Ti-0.08Zr  alloy 
at  Battelle(^).  A  summary  of  the  conditions  under  which  these  materials  could  be 
successfully  forged  is  given  below: 


Alloy 

Tempt*raiutt5 
Range,  F 

Forging 
Kates, 
in.  / sec 

Maximum 
Reriuction 
Without 
Cracking.  % 

Unalloyed  Mo 

1100-2200 

1 . 0  to  400 

8» 

Mo-0.5Ti-0.08Zr 

1200-2000 

0.  1  to  200 

94 

Mo-0,  5Ti-0,08Zr 

2500-3000 

0.  1  to  200 

50 

299 


Forgeability  of  both  materialB  wa*  virtually  v..  iffeoted  by  drastic  cnanges  in  the  forging 
rate.  Gross  changes  in  forging  temperature  in  the  hot-oolJ-working  region  ulmllarly 
had  no  noticeable  effect  on  forgeability.  However,  forgeability  is  m.<rkcJly  reduced  f.t 
high  temperatures  in  the  hot-cold-  vorklng  region  approaching  true  hot-wor!'.ing  condi¬ 
tions,  at>  indicated  by  the  data  for  the  Mo-0.  5Ti-0,  08*ir  alloy,  The  Mo-25W-0.  IZr 
alloy  exhibits  the  same  type  of  forging  behavior,  Reductions  as  high  as  90  per  cent 

can  be  achieved  at  temperatures  in  the  range  140C  F  to  1900  F,  but  forgeabilitv  becomes 
progressively  poorer  at  higher  temperatures,  particularly  above  about  2400  F,  The 
lowest  practical  forging  temperature  for  these  alloye  (for  such  operations  as  finishing, 
slaing,  coining,  etc.)  appears  to  be  about  ICOO  F. 

Table  20-3  llete  temperatures  for  forging,  recrystallieation,  and  annealing  sev¬ 
eral  commercial  and  exparlmental  molybdanum-baee  alloys.  Tha  forging  temperatures 
given  represent  normal  ranges  reported  by  Industry;  however,  these  temperatures  an', 
somatimes  adjusted  to  obtain  spacial  propertiee.  For  example,  higher  forging  tem¬ 
peratures  are  used  to  r.'taintsln  higher  recrystallltatlon  temperatures;  lower  forging 
temperatures  are  used  to  develop  higher  room-temperature  strengths.  In  general,  most 
alloye  are  work  hardened  during  forging,  since  tha  forging  temperatures  listed  in 
Table  20-3  are  lower  then  the  minimum  hot-working  temperatures. 

Table  20-4  gives  average  forging  presaure  and  forgeability  data  for  upsetting  un¬ 
alloyed  molybdenum  and  several  molybdenum  alloys  at  a  constant  temperature.  The 
rapid  increases  in  pressure  with  increaaing  reduction  demonstrate  the  work-hardening 
characteriatics. 

The  preesure  and  specific  anerfy  (work  per  unit  volume)  required  for  forging 
molybdenum  alloye  era  not  influenced  greatly  by  differences  in  either  temperature  or 
forging  rate  in  the  hot-cold-working  range.  Upset  forging  pressures  for  the  Mo-0.  5T1- 
O.OSZr  alloy  are  presented  in  Figure  20-2  for  reductions  up  to  30  per  cent  at  tempera¬ 
tures  between  1500  and  3000  F  at  two  strain  ra^ea  characteristic  of  normal  press - 
forging  operations.  The  forging  preesures  at  temperatures  between  1500  end  2500  F 
ere  elmoat  the  seme.  At  3000  F.  howeva-,  the  pressures  are  alightly  lower,  particu¬ 
larly  at  the  lower  atrain  rate.  The  influence  of  forging  temperature  on  forgi.ng  pressure 
la  illuatrated  in  Figure  20-3.  Hot-working  conditions  are  approached  only  when  the 
Mo-0.  5Ti-0. 08Zr  alloy  is  forged  at  3000  F.  The  forglng-preeeure  behavior  for  two 
Steele  is  shown  in  Figure  20-3  for  comparieon. 

The  essentially  conatant  apecific-energy  requirements  for  upsetting  unalloyed 
molybdenum  and  Mo-0,  5Tl-0.08Zr  alloy  over  a  wide  range  of  temper aiUi»».  are  ehown  .. 
in  Figure  20-4,  By  comparieon,  date  obtained  similarly  for  A-286  and  AISI  43'*0  steels 
show  a  marked  reduction  in  the  specific  forgini;;  energy'  with  increasit.g  temporal  .les. 

It  is  interesting  to  note  that,  at  1800  F,  the  cpecific  energy  required  tor  50  per  cent 
upset  is  essentially  the  same  for  both  the  A-286  and  the  Mo-0.  5Ti-0.08Zr  alloys. 

When  forging  molybdenum,  it  it  Important  to  realise  that  reheati  a  blank  during 
forging  in  the  hot-cold-worklng  range  does  not  remove  the  effects  of  cold  work  imparted 
by  preceding  forging  reductions.  The  data  given  in  Table  20'*5  show  that  preeev  •§ 
required  for  reforging  previously  iorged  blanks  are  nearly  equal  to  the  forvir  y  ^  r»!.  ’.xres 
fer  the  previous  reduction.  These  data  ehow  again  that  forging  pressures  are  intluonccd 
only  alightly  I  /  large  temperature  changea  in  the  warm-v.  orking  i  )gion. 
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TABLE  40  -a.  TYPICAL  PO*01Nt3,  WECPYS.  .u-UlATldN,  ANO  STWSS-WUEF  TEMP''flATUP£S  FOP  SEVERAL  COMMCRf.  AL 
AND  EXPERIMENTAL  MOLYBDENUM  ALLOYE^’' 


Dma  B«ted  on  Indiiitty  Survey 


Alloy 

Poriini  Tamiwatuiti.  P 

Initial  Pinal 

_ BteaRdowo  .  Potai _ 

Bettyitallliation 
Teniperalutel  of 
FomnEi.  F 

Streu- 

Relief 

Annealing 

re.npcratutti, 

F 

Cummeteial  Alioyi 

Unalloyed  molybdenum 

Ptewe^  and  ilnieted 

a loo -£400 

aooo-aaoo 

8100-2200 

i7'"-aooo 

Aic  can  and  aaituded 

aioo-adoo 

1800-8800 

1000-8800 

1700-8000 

Mo-0,  ATI 

aaoo-aooo 

8100-8400 

8300-8600 

8000-8800 

Mo-0. 6TI-0.  OSXt 

U400-a700 

8800-8600 

£700-3000 

£800-8400 

Mo-SOW 

aaoo-aaoo 

8100-&SOO 

8300- 2600 

1900-8000 

EaDatlmental  Alloyi 

Mo-aSW-O.  IZt 

aooo-aeoo 

1800-8300 

8800-3100 

8200-8400 

Mo-0.  asXr 

a4oo-a7oo 

8400 

3000-38PI 

" 

Mo-0,  fill 

aaoo 

- 

8800-3000 

- 

Mo-1.6Cb 

8400 

•• 

8400-8800 

- 

Mo-i.aTt-o.aszt-o.i6C  4700 

- 

over  3100 

- 

TABLE  aO-4, 

AVERAGE  FORCING  PRESSUiV  FOR  EXTRUDED  AND  RECRYSt  ALLIZED  MOLYBDENUM-ALLOY  BARS 

FORCED  AT  8400  P®' 

Single  Upaet  In  e  TOO-Ton  fteai  at  80  Iptn 

Alloy 

Initial 

Derotmatlon 
Pteaiure.  pii 

l-iiial  Pntiure,  pii.  to  Achieve 

Reduction  in  HeUlht  Indicated 

46-56  58-66  66-75 

Pet  Cent  Per  Cent  Pet  Cent 

'  '•'“a.esi  R,;d'»’''' 

AciUeved 
Without  Practure, 
pet  cent 

Unalloyed,  molyMenum 

38,000 

84,000 

91,900 

•  • 

70 

Mo-0.6Tl-0.0ert 

39,000 

96,000 

118,000 

138,000 

83 

MO-8SW-0.  IZt 

ba.ooo 

126,000 

188,000 

— 

66 

Mo-l.SCb 

80,000 

99,000 

109,000 

— 

60 

Me  41. 6Zt 

33,000 

88,000 

>)■“>,  000 

" 

69 

Mo-o.aszc 

87,000 

88,000 

97,000 

— 

66 

PM6IM6  PtSSSURE.  lOM  tit 


PICURI  20.2, 

PORGINC-PRIUUm  CURVIS  POR 
UPSITTIN6  M«4.5Tl.0.MZr  ALLOY 
AT  VARIOUt  TIMPIRATURIS 
AND  ITRAIN  RATIS<*' 


9 

s 

i 


essentially  ICSNTICAL  ( 

4 

ISOO  P 

CURVES  POR  STRAIN  RATES  { 

• 

2000  P 

OP  0.07  AND  0.7/SEC  1 

• 

ISOO  P 

STRAIN  RATE  OP  3" 

.  M  m>mm  — 

3300  P 

0|  i  -i  ti 

0  4  1 


‘  ‘  ‘ 

12  U  M  24  It 


UPlIT  MDUCTIOM,  PIU  CIHT 


wmammmmm 


PICURB  20 J. 

IPPICT  OF  TRMPBRATURI  ON 
POROINC  PRBSSURE  POR  Ma-O.STl- 
P.0»r  ALLOY^,  UPSET  TO  VARIOUS 
REDUCTIONS'^' 

SIMILAR  DATA  POR  AISI  ahD 
TYPE  304  STAINLRU  ARE  CIVEN  POR 
COMPARISON 


POROINC  TEMPERATURE,  T 


SPCCI’^IC  F0K6IN6  ENEKSY.  WM-i/W*-' 


TEMPERATUEI,  P 


FICURC  30-4.  INPLUCKCE  OP  TEMPERATURE  PH  THE  SPECIPIC  PORCINO  ENERCY 
POR  UPSETTIHC  MOLYBOEKUM  AMD  M*-0.5TI-0.0«Zr  A'  '  OY  TO 
ESSENTIALLY  CONSTANT  REDUCTIONS  IN  A  DYNAPAK'^'*' 


DATA  FOR  AISI  4140  AND  A-ILV  5TEEL1  SrtONN  f  OR  CONPAR'CON 
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TABLE  20-5.  INFLUENCE  OF  PRIOR  COLD  WORK  ON  THE  FORCING  PRESSURE  OF  Mo-0.  6T1-0.  08Zr  ALLOY<  *) 
Alte;  initial  50  pet  cent  upiet,  samplet  leniachined  tc  cylinder  with  original  diameter  of 


1.5  liichei. 

Upiet  at  80  ipm. 

Aveiaae  FoirIor  Ptewure.  1000  pil.  at 

Given  Pet  Cent  Upiet  Reductions 

Teropetatute, 

Flnt  Upiet'- 

Second  Upset 

F 

6% 

10 60<!L 

Bib 

10  “it 

20% 

2000 

44 

50  57  81 

76 

84 

96 

2600 

48 

53  57 

74 

19 

90 

(a)  Samplet  from  atc-cait,  extruded,  and  recryttalUzed  bat. 


influence  of  forging  variables  on 

MECHANICAL  PROPERTIES 


The  strength  of  molybdenum- alloy  forgings  is  developed  primarily  by  work  hard- 
emng.  Thus,  the  control  of  mechanical  properties  requires  carefully  planned  forging 
sequences,  These  can  be  readily  established  since  molybdenum  exhibits  classical 
strain-hardening  behavior,  i.  e. ,  hardness  increases  with  increasing  reduction,  and 
decreases  wltl.  increasing  forging  temperature. 

There  are  limits,  however,  to  which  these  alloys  should  be  cold  worked  to  achieve 
a  desired  level  of  elevated-t-mperatuve  properties.  The  amount  of  cold  work  influences 
the  recrystallization  behavior  the  alloys  which,  in  turn,  establishes  the  maximum 
service  temperatures.  Hence,  the  effect  of  forging  variables  on  recrystallization  be¬ 
havior  must  be  taken  into  account  in  planning  a  forging  sequence.  At  a  given  forg;ng 
temperature,  the  recrystallization  temperature  generally  decreases  with  increacing 
reduction.  Conversely,  at  a  given  level  of  reduction,  the  recrystallization  tempv^rature 
generally  increases  with  increasi  .g  forging  temperature.  This  is  illustrated  by  the  data 
given  in  Table  20-6,  which  shows  the  ittfluence  of  forging  conditions  on  the  recrystalliza¬ 
tion  behavior  of  the  Mo-0.  5Ti-0. 08Zr  alloy.  These  data  show  that  the  recr.ystallization 
temperatures  of  the  alloy  may  vary  as  much  as  600  F,  depending  on  forging  conditions. 
The  lowest  annealing  temperature  for  complete  recrystallization  of  the  Mo-0.  5Ti- 
0. 08Zr  alloy  is  about  2500  F.  This  was  observed  for  sheet  rolled  to  reductions  exceed- 
ing  90  per  cent  at  tempsratures  below  2200  F. 


Hardness.  A  method  for  studying  the  work-hardening  behavior  of  molybdenur.i 
alloys  is  the  wedge-forging  test  illustrated  in  Figure  20-5.  This  test  consists  of  forging 
a  wedge-shaped  blank  to  a  constant  thickness  at  various  temperatures.  After  being 
forged,  the  sample  contains  material  with  constantly  increasing  linear  reductions  vary¬ 
ing  from  zero  to  about  65  per  cent  along  the  sample  length.  Thus,  this  test  provides 
quantitative  data  on  the  influences  of  forging  temperature  and  forging  reduction  m 
hardness. 
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TABLi;  20-B.  INFLUENCi;  OF  FORGIi'lG  TEMPERAlUaE  AND  FORGING  REDUCTION  ON  TH£  RECRYSTALLIiA  rlON  BFIlAVIOR 
OF  THE  Mo  O.  5T1-0.  OBZr  AlLOY('‘*8) 


Forging 

Tempertiure, 

F 

Per  Cent 

Reduction 

Approximate  i-ilour  Ai 
Temperature  for  Recrystai 
Recrysiallization 

Reitint 

inealing 

Uzatlon,  F 

Recrysuliization 

Complete 

2200 

30 

2600 

2800 

60 

2600 

2700 

2400 

10 

.. 

3000 

30 

2600 

2800 

60 

— 

2700 

2900 

10 

2800 

3200 

30 

2600 

3000 

60 

2700 

3400 

10 

3000 

3200 

30 

2800 

3000 

60 

2700 

2800 

STEP  I  •  MACHINE  WEOGC'SHAPEO  SAMPLE  PROM  EAR 


STEP  2  •  POROE  VEOCE  TO  THICKNESS  T,  AT  SELECTED  TEMPERATURES 


OR 


— T— 
SSR 


1 

! 

\ 


STEP  3  -  MACHINE  SLICES  PROM  SAMPLES  AND  TE'T  POR  HARDNESS 


FIGURE  20-5.  SEQUENCES  FOR  THE  WEDCE-FORCIHC  TEST 
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Hardness  curves  for  unalloyed  molybdenum  and  several  n-iyJybdenum  alloys  deter¬ 
mined  by  wedge-forging  tests  at  various  temperatures  are  shown  in  Figure  20-6,  Un¬ 
alloyed  molybdenum  and  the  Mo-0.  5Zr  alloy  exhibit  classical  work-hardening  behavior. 
Alloys  containing  titanium,  however,  exhibit  a  f  -rm  of  strengthening  in  addition  to  strain 
hardening,  Vhis  is  evident  from  the  haroness  incrrascs  with  increasing  forging  tem¬ 
perature,  It  is  believed  that  the  hardening  is  a  result  of  an  accompanying  aging  reac¬ 
tion.  This  is  suggested  by  studies  at  General  Electric^?)  which  indicate  an 
hardening  response  attributed  to  an  "e- -enslve  precipitation  of  titanium  carbide”  at 
temperu^nres  in  the  vicinity  of  2800  F.  Other  investigations(4,  7, 8,  10)  have  described 
a  similar  hardening  response  for  titanium- bearing  alloys  between  2600  F  and  3000  F. 
This  behavior  appears  to  be  the  reason  for  the  slight  increase  in  forging  pressure  noted 
earlier  for  the  Mo-0,  5Ti-0,  08Zr  alloy  when  forgluij  temperatures  were  increased  from 
2000  F  to  2500  F  (Figure  20-3). 

Over  the  range  of  forging  temperatures  from  2700  F  to  3450  F,  the  Mo-25W-0.  IZv 
alloy  exhibits  progressively  smaller  hardness  increases  with  increasing  temperatures. 
This  alloy  also  appears  to  exhibit  an  aging  response,  since  the  hardnesses  at  low  reduc¬ 
tions  arc  considerably  higher  than  those  for  the  starting  blanks. 


Tensile  Properties.  The  following  points  summarize  the  influence  of  forging 
procedure  on  the  tensile  properties  of  molybdenum  forgings: 

(1)  Strength  and  hardness  decrease  with  increasing  forging  temperature, 
but  are  not  significantly  affected  by  the  forging  rate.  Table  20-7  gives 
the  mechanical  properties  of  unalloyed  molybdenum  upset  forged  be¬ 
tween  1100  and  2200  F  at  high  forging  rates  in  a  Dynapak,  Forging  to 
comparable  reductions  in  both  a  drop  hammer  and  a  hydraulic  press 
at  the  same  temperatures  produced  the  same  hardness  levels  and, 
thus,  comparable  strength  levels. 

TABLE  20-7.  INFLUENCE  OF  FORGING  TEMPERATURE  ON  HARDNESS  AND 
STRSNGTH  OF  UNALLOYED  MOLYBDENUMf!*) 

Upiet  foeged  In  s  Dynspsk  from  arc-ckit,  hot  rolled,  end 
cecryitiUiied  bet. 


Room-Temp  Mechenlcel  Ptopettlet 
Forging  Yield  Ultimate 

Forging  Reduction,  Avg  Herdnew  Strength,  Strength,  Elongatioc!, 
Temp,  F  pet  cent  OFH  1000  pei  1000  pti  pit  com 


Ae  Received 

— 

M-S7 

— 

76 

86 

84.9 

1100 

84 

88 

268 

112 

123 

9 

ISOO 

84 

62 

262 

109 

134 

14 

1900 

87 

61.6 

346 

102 

112 

18 

2200 

90 

69 

326 

Ml 

103 

34 

(2)  Parts  forged  with  large  reductions  usually  exhibit  anisotropic  prcpei<- 
ties.  Highest  strer-gths  are  obtained  in  directions  parallel  to  the 
direction  of.  greatest  metal  flow,  as  indicated  by  these  typic.  ; 
room-temperature  tensile  properties  for  molybdenum  rolled-ring 
forgings: 


?07 


Yield 

Ultimate 

Strength, 

Strength, 

ElOilgation, 

Reduction  of  Aiea, 

Uiiection 

1000  mi 

1000  Dtl 

per  cent 

per  cent 

Tisniveiie 

'13-75 

83-84 

38-42 

5«-62 

Longltudlntl 

87-31 

90-97 

16-22 

20-42 

(Oiu  counety  of  Aerojet  Seneiil  Cotporetioa.) 

(3)  Forgings  containing  regions  given  varying  amounts  of  reduction 
exhibit  strength  properties  that  vary  accordingly.  These  room- 
temperature  strength  properties  are  typica'  of  large  molybdenum 
nozzle  forgings  which  contain  both  a  severely  deformed  flared 


section  and  a  lightly  worked  apex 

section: 

Yield 

Ultimate 

Suengih, 

Soenph, 

EloogaUaa, 

Reductian  ot  Arei, 

Loestion 

1000  Mi 

1000  Mi 

Del  ceat 

pel  cent 

Flared  lection 

78-81 

86-92 

11-29 

16-43 

Apex 

68-69 

71-81 

7-19 

11  20 

Mechsaicai  piopeitiei  givea  tepceeeat  three  hesu  of  uc-csii 
and  extruded  unaUc-yed  inolybdenum  forged  at  2200  P  and 
men  relieved  for  1/2  hr  at  1900  P. 

(Dau  courteay  of  Cameron  Iron  Worki.) 

(4)  Parts  forged  with  severe  redactions  will  recrystallize  at  lower 
temperatures  than  parts  given  light  reductions.  For  example, 
thin  molybdenum  blade  forgings  may  recrystallize  when  heated 
to  temperatures  as  low  as  2000  F,  while  large  cones  will  not 
recrystallize  until  heated  to  temperatures  over  2200  F.  Thus, 
careful  control  of  forging  temperatures  and  reductions  is  neces¬ 
sary  to  avoid  prematurt!  recrystallization  in  service  with  an  , 
attendant  loss  of  strength. 


Impact  Toughness.  Close  control  of  the  forging  operation  to  avoid  recrystalliza¬ 
tion  is  important  in  achieving  good  impact  properties  in  unalloyed  molybdeimm  parts. 
Residual  carbon  in  arc-cast  molybdenum  forms  grain-boundary  rarbidst  '  'ch  affect 
ductility  adversely.  Roshong  and  Leepert^^'  found  that  unnotched  impact  properties 
equivalent  to  those  attainable  with  powder-metallurgy  molybdenum  billets  could  br  ob¬ 
tained  with  arc-cast  molybdenum  containing  less  than  50  ppm  of  carbon  and  cor  is;  spend - 
ingly  low  oxygen.  With  both  types  of  materials,  however,  it  was  necessary  to  use  the 
following  forging  practice: 

(1)  Forge  with  at  least  20  per  cent  reduction  in  the  finish  forging 
operation 

(2)  Finish  forge  at  a  temperature  siifficiently  low  to  avoid  self- 
rec^ystallization 
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(3)  Stress-relief  anne^-..  be.’o'.v  the  recrystallization  temperature. 

The  effect  of  recrystallization  on  tlie  impact  and  tensile  properties  of  unalloyed 
molybdenum  forgings  is  shown  in  Figure  20-7(1  U.  It  can  be  seen  that  impact  toughne.^s 
is  reduced  quite  markedly  at  the  very  onset  of  r  ?rrvstallization.  On  the  other  hand, 
strength  and  ductility  do  not  significantly  change  until  gross,  recrystallization  has 
occurred. 


IMPACT 

eNeRCV,  FT-LB 


FIGURE  20-7.  EFFECT  OF  ANNEALING  TEMPERATURE  ON  IMPACT  AND  TENSILE 
PROPERTIES  OF  UNALLOTED  MOLYBDENUM  FORGINGSdH 


Control  of  Properties.  The  control  of  properties  in  die  forgings  can  be  illustrated 
by  planning  the  forging  sequences  for  a  hypothetical  part; 

Example.  A  molybdenum  die  forging  is  designed  in  such  a  way  that  it  will 
require  forging  reductions  varying  between  about  30  per  cent  and  80  per 
cent.  The  forging  contains  thin  sections  that  are  characterised  by  pre¬ 
dominant  longitudinal  grain  flow.  The  part  requires  one  open  aie  and  two 
closed-die  forging  operations  (draw  one  end,  block,  and  finish)  and  throe 
heating  operations. 

Problem.  How  to  obtain  uniform  mechanical  properties  and  recrystalH- 
zation  behaviors  throughout  the  forging? 

Solution.  Referring  to  the  hardness  curves  in  Figure  2C-6,  it  is  apn.arent 
that  hardness  increases  with  increasing  reduction  at  any  given  ^orgln^ 
temperature.  Also,  Incieasing  reductions  will  reduce  the  rec’’;a!...1! •  »!... 
tion  temperature  of  molybdenum.  These  two  effects  are  illustrated  by 
the  '.thematic  diagram  shown  in  Figure  20-8.  Since  th'-  hypOvi.etical 
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forging  will  receive  between  30  atid  30  per  cent  reduction,  its  hardness 
and  recrystallization  temperature  will  vary  widely.  To  avoid  this  varia¬ 
tion,  it  is  desirable  to  use  an  in-process  recrystallization  treatment, 
probably  after  the  drawing-out  operation.  This  would  remove  the  effects 
of  differential  reductions  during  drav.ing.  During  subsequent  die  forgi.'^, 
the  part  would  then  be  given  effective  reductions  varying  only  between  about 
40  and  60  per  cent.  In  this  way,  the  part  would  exhibit  more  uniform  rr  - 
crystallization  and  mechanical-pr  perty  behavior  than  if  forged  directly 
from  the  starting  billet.  As  aa  added  benefit^  the  in  -process  annealing 
treatment  would  reduce  property  directionality  in  regions  that  otherwise 
would  have  strongly  oriented  grain  flow. 


FICURe  304.  RILATIV.  INFLUIHCR  OF  FORCING  RIDUCTION  ON 
HARDNEU  AND  RICRYSTALMZATION  RIHAVIOR  OF 
COLD-WORKID  MIOLYtDRNUM 


Essentially  this  procedure  Is  used  in  forging  practice  for  such  parts.  However, 
molybdenum  recrystallise  a  at  temperatures  obtainable  in  conventional  fu'-naces.  For 
this  reason,  the  most  common  practice  consists  of  performing  initial  forging  operations 
at  about  2200  F,  where  recrystallization  occurs  during  forging.  Final  forging  opera¬ 
tions  are  then  conducted  at  lower  temperature#  (1900  to  2100  F)  to  provide  the  n^cj.s- 
sary  work  hardening.  These  procedures  would  be  considered  for  alloys  having  recrys- 
tallizatlon  temperatures  above  about  2300  F. 


COMMENTARY  ON  FORCING  PRACTICES 


The  metallurgical  principles  involved  in  the  forging  of  molybdenurr'  are  similar 
to  those  for  lua  w ork-harden»ble  austenitic  stainless  steel*  and  superalloys  (e.g. , 
16-25-6,  19-9-DJj;.  Principles  common  to  bot?»  systems  are; 
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(1)  Cold  work  Is  necessary  to  increase  strength, 

(ii)  Recrystalllzatlon  temperatures  decrease  with  increasing  cold  work, 

(3)  ITorgeability  increases  with  decreasing  grain  size, 

(•i)  Forging  pressure  increases  with  increasing  reduction. 

(5)  Forgeability  is  not  lnfluenc<£u  greatly  I'v  ieformation  rate, 

(6)  Die-chilling  effects  place  practical  limits  on  section  sizes  obtainable 
in  die  forgings. 

About  the  only  significant  diffeience  between  the  two  systems  is  their  oxidation  behavior 
which  influences  heating,  lubricating,  and  handling  procedures. 


Heating.  At  forging  temperatures  above  about  1400  F,  molybdenum  forms  a 
volatile  oxide  so  fast  that  surface  contamination  is  rarely  a  problem.  For  this  reason, 
conventional  oil-  and  gas -fired  furnaces  may  be  used  for  heating  to  temperatures  in  the 
vicinity  of  2500  F,  Argon,  hydrogen,  or  carbon  monoxide  atmospheres  are  used  when 
mutal  losses  become  .excessive.  Higher  forging  temperatures  require  electric-resis¬ 
tance  or  induction  furnaces.  In  these  cases,  the  use  of  protective  stmospheres  is 
Increasingly  important  to  protect  the  billet  from  cxldation  and  the  furnace  from  attack 
by  the  oxide  vapora.  Molybdenum  oxide  vapor  (1)  attaeV.a  thermocouples,  causing 
srronsous  tsmpsraturs  rsadlngs,  (2)  rsacts  with  slsctric-rssistancs  hsating  slsmsnts, 
causing  brittlsnsss  and  prs.naturs  fallurs,  and  (3)  attacks  rsfractory  brick,  lowering 
its  rsfractorinsss.  For  thsss  reasons  it  is  helpful  to  "bucn->off"  a  furnace /or  1  or  2 
hours  after  the  last  piece  of  molybdenum  is  removed.  This  may  be  done  by  holding  the 
furnace  at  about  2200  F  and  allowing  air  circulation  to  flush  out  the  vapor. 


Lubricants .  The  liquid  oxide  formed  on  molybdenum  during  heating  serves  as  an 
excellent  lubricant.  However,  to  reduce  metal  loss,  glass-type  billet  coatings  are  often 
used  on  large  forgings.  Glass  coatings  also  reduce  heat  losses  during  forging.  Colloidal 
graphite  and  molybdenum  dieulfide  are  suitable  die  lubricants  for  small  forgings. 


Die  Materials.  For  hammer-forging  dies,  low-alloy  tool  steels  (e.  g, ,  Ladish 
D6,  Heppenstoll  Hardtem,  Finkel  FX)  and  medium-alloy  Type  H-11  tool  eteele  are  most 
commonly  used.  These  same  tool  steels  are  used  for  press-forging  dies.  For  longer 
die  life,  inserts  of  Types  H-i2  end  H-13  tool  steels  are  sometimes  recommended  for 
press-forging  dies. 


Cooling  from  Forging  and  Stress-Relief  Annealing.  Forgings  are  usually  either 
air  cooled  from  forging  temperatures  or  charged  dl-ectly  into  a  stress-reDt^r  r>irr.ac- 
Some  of  the  alloys  are  cooled  in  an  insulating  matenul  to  prevent  stress  cracking. 

When  forgings  are  cooled  very  slowly  through  the  range  of  1500  F  to  1100  F,  however, 
the  liquid  oxide  can  penetrate  the  grain  boundaries  and  cause  a  "network",  ^^though 
this  "network"  is  generally  shallow,  it  presents  an  unattractive  surface  appearance  that 
can  complicate  the  subsequent  inspection  for  major  defects. 

Forgings  are  usually  given  a  stress-relief  annealing  treatmei;..  at  a  iwinp.n'ature 
.:.bout  100  r  below  the  recrystallization  temperature.  This  treatmo-'t  improves  both 
room-t''im:eraturs  durtiUty  and  machinability.  Specific  l-hour  annealing  temperatures 
reported  for  forgings  are; 
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Unalloyed  Mo 
Mo-0.  5Tl 
Mo-0.5Ti-0.  08Zr 
Mo  ?5W-0.  IZr 
Mo-  iOW 


1600  -  180o  F 
2000  F 

2000  -  2200  F 
2000  -  2 1  50  F 
2100  -  2300  F 


Since  the  ductile-brittle  transition  tem;  'ratures  of  most  molybdenum  alloys  ar<.  close  to 
room  temperature,  cool  forgings  should  he  handled  carefully. 


COMMENTARY  ON  FORGING  DESIGN 


Since  the  metallurgical  quality  of  molybdenum  and  molybdenum  alloy  forgings 
depend  greatly  on  the  control  of  forging  reductiens,  the  designs  are  more  critical  than 
those  for  aluminum  or  steals  forgings.  The  designs  should  be  more  generously  con¬ 
toured  to  provide  both  smooth  metal  flow  and  more  readily  controlled  reductions,* 

The  slse  of  molybdenum  forgings  is  limited  somewhat  by  the  billet  siaes  available. 
One  of  the  largest  forgings  produced  is  a  150-pound  nossle  cone  about  12  inches  in 
diameter  by  12  inches  long.  This  was  forged  from  an  8-inch-diameter  pressed-and- 
slntered  billet. 


Forging  Shapes.  The  greatest  die-forging  experience  has  been  with  circular 
shapes  (e.g. ,  cones,  rings,  disks)  varying  in  siae  up  to  about  16-inch  diameter,  but 
structural  shapes,  blades,  and  shafts  also  have  been  successfully  forged.  Some  typical 
examples  of  molybdenum  die  forging  are  shown  in  Figures  20-9  and  20-10. 


Design  Details.  Since  molybdenum  alloys  require  greater  forging  pressures  than 
low-alloy  and  stainless  steels,  .  ir  goou  practice  to  use  more  generous  fillet  and  corr.>... 
radii,  and  allow  for  more  die  wear  than  for  steel.  The  draft  angles  necessary  for 
■molybdenum  forgings  are  about  the  same  as  those  for  austenitic  stainless  steels  (5  to 
10  degrees).  When  desired  shapes  contain  abrupt  changes  in  section  sises,  it  is  good 
practice  to  use  generous  radii  between  such  areas.  As  an  example,  the  sketch  below 


*Fat(iing-deilgn  jvracticci  fot  niolybdisiium  and  in  alloys  aie  slio  dciciibcd  In  Chapter  4. 


n^E  aM.  TYPIOW-  UNALLOYEO  MOLYSOBi'M  WE  FOIGiNCS  EtOWICEO  FMM  aOTM  A«C^:aST.*.'«>.EXTIIUOEO  AMD 
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nhowt  the  preferred  nnethod  of  deaignlng  a  molybdenum  part  containing  a  it- 1 /2-inch 
section  adjacent  to  a  1/2-inch  section  by  comparing  it  with  the  normal  de»it;n  for  steel, 
This  approach  allows  for  a  more  gradual  change  in  the  amount  of  reduction  during  forg¬ 
ing,  Greater  reproduclbUlty  of  both  dimensions  and  [ircperties  can  be  expected  because 
the  more-gene:  ously  contoured  design-’'  require  fewer  forging  steps, 


CMirMty  •(  CarnyMy  Cauitaiy  *1  Cmwim  Iran  Waitia 

mOURK  20-10.  TYPICAL  UNALLOYRO  MOLYRDINUM  ME  PORGIHCS  PRODUCED  PROM 
ARC-CAST-ANO-EXTRUDED  RILLET 


Section  Thickness.  The  cc  .tbination  of  high  forging-pressure  requirements  and 
rapid  cooling  rates  imposes  limitations  on  the  section  siae  obtainable  in  molybdenum  die 
forgings  in  various  types  of  forging  equipment.  Practical  minimum  section-eiae  limita¬ 
tions  for  molybdenum  and  low-alloy  steel  forgings  are  compared  in  Table  20-8.  It 


TABLE  30-8.  COMPAMSOM  OF  MiNtMO'*  FftACTICAL  SECTION  SIZES  FOR  FORCED 
MOLYBDENUM  ALLOYS  ANU  LOW-ALLOY  STEELS 


Tvne  of  PoiitiiB 

Mvdiaullc  Prettet 

Dtod  Hammett 

Hi^  -EneigvHRate 
Boulpnicnlf*) 

Mo 

Mo 

MO 

Bladei 

1/4 

1/4 

1/8 

1/8 

S/33 

3/33 

Dido 

Lett  than  B-ln.  dlam 

1/3 

1/3 

1/4 

1/4 

1/S 

3/33 

S  to  13-iu.  diani 

«/8 

1/3 

S/8 

3/8 

— 

— 

Over  18-la.  diam 

S/4 

8/B 

1/8 

1/:^ 

— 

SpaiftM 

leti  than  3-la.  long 

1/2 

1./3 

S/B 

!/•» 

-• 

S  to  13-lu.  long 

1/a 

1/3 

i.'a 

3/8 

— 

Over  IS-ia.  lon^ 

S/8 

I/a 

1/a 

fa)  The  veluei  Uited  ha'. '  Been  approximated  fiom  dau  obtained  fiom  tite  Bcadlk  Corporation  and  from  the  General 


Cwporatlon. 

fb)  Fw  ihu  comparlKMi,  <  arc  defined  at  l-Mctlom  upeied  end-to-end  and  having  a  wMih  of  about  1/S  die  Icnglh. 
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should  be  recognized  that  these  minimum  section  sixes  are  producible  in  fotgings  of 
rather  simple  shape.  For  increasingly  complex  configurations,  these  values  should  be 
looked  upon  only  as  target  minimuin  thicknesses. 


Tolerances,  As  a  general  rule^  close  toieiances  on  die  forgings  require  added 
operations  such  as  coining  or  reatrlklng.  These  added  operations  usually  result  in  a 
greater  scatter  of  mechanical  pro''ertloB  in  molybdenum  forgings  as  V'el'  cfl  added  pro¬ 
cessing  costs,  While  it  is  possible  co  achieve  dimensional  tolerances  in  the  vicinity  of 
±0,020  inch  on  typical  forgingS|  tclerances  of  ±0,060  inch  would  insure  gveatei;  repro¬ 
ducibility  and  minimize  the  number  of  forging  operations.  The  closer  tolerances  might 
be  recommended  for  parts  where  there  is  a  p.'’>*Ptial  for  large  quantities  of  forgings. 

Tolerances  suggested  for  molybdenum-alloy  disks  of  varying  diameters  are; 


Disk 

Tolerances,  inch 

Diameter,  inches 

Die  Closure 

Diameter 

3 

±0.040 

±0.010, 

5 

±0.060 

±0.020 

10 

±0. 080 

±0.  030 

20 

±0. 120 

±0. 060 

The  su, 3, jested  die-closure  tolerances  are  about  double  those  recommended  for  low- 
carbon  steels;  the  diametral  tolerances  are  about  the  same. 
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TUN05TEN  AND  TUNGSTEN  ALLOYS 


Cryittllln*  Slrvcturci 
Pl>ai«  Chongtt; 

NunliM  •!  PKat*t! 

LIgyIdut  TamparMura  Rangai 
Salldai  Taaipi.e'uia  tanfa; 
Raactlaa  Whan  Haatad  In  Alri 


Body>cantarad  cubic 
Nona 

Ona  at  forgli.g  lamparaturat 
Naor6170  F 
5000.6100  P 

Centinuoui  oxidation  obova  1000  F, 
oxida  velanla  o!'  'va  1400  F 


ALLOYS  AND  FORMS  AVAILABLE 


Table  21-1  glvaa  the  compoaitione  and  general  characteriatica  of  tungaten  and 
aeveral  tungaten  alloya  that  have  been  forged.  (1'A)  Tungaten-baae  materiala,  like  the 
other  refractory  alloy  ayatema«  can  be  claealfied  into  two  broad  groupa: 

(1) .  Unalloyed  metal  and  aolld'colution  alloya  (typified  by  addltiona  of 

molybdenum  or  rhenium) 

(2)  Diaperalon-atrengthen  1  alloya  (typified  by  addltiona  of  thoria). 

Thla  claaaificatlon  la  convenient  becauae  It  categoriaea  the  alloya  not  only  according  to 
their  metallurgical  behavior,  but  alao  by  the  applicable  connoUdation  methode.  Thua, 
while  the  aolid-aolution  alloya  and  unalloyed  tungaten  can  be  produced  by  either  powder - 
metallurgy  or  melting  techniquea,  forging  billets  of  Th02  dispersion-strengthened 
alloys  can  be  produced  only  by  powder '•metallurgy  methods. 

TABLE  ai-1.  GENERAL  CHARACTERISTICS  OF  TUNGSTEN  AND  SEVERAL  TUNGSTEN  ALLOYs(l>*>3. 


Typical  Forging- 

Typical 

Typical 

Nominal 

Conwlldatlon 

Approximate 

Temperature 

Recryitalllaatlon 

Streiii-Rellef 

Coinpotlilon,  it 

Methodi^*) 

Soltdut,  F 

Range,  P 

Temperature,  f 

Temper.'.'ure,  F 

Unalloyed  W 

PS.  AC.EB.PAS 

6170 

2200-3000 

2600-2900 

2200.2400 

W-lThOg 

PS 

6170 

2400-3600 

2900-3 OCO 

2v  .O-x'AOO 

W-SThOg 

PS 

6110 

2400 '2oC0 

30CS-32US 

2200 .)(! 

W-BMo 

AC,  PS 

612S 

2200-2500 

';800-3000 

<  loo  “li'j'io 

.\C,PS 

5970 

2000-25JO 

2700-2900 

2300-2600 

W-26Re 

AC,  PS 

6660 

>2700 

>3400 

>3000 

W-fl.  5Cb 

AC,  PS 

6160 

2r 00-3000 

3100-3400 

2700-2900 

(a)  PS  •  prcued  and  sln'..".edi  AC  -  are  cait;  EB  -  electron -beam  melred,  PAS  -  plaima-arc  rpuyed  and  lintered. 
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Tungsten  and  tungsten-alloy  products  historically  have  been  made  by  powder- 
metallurgy  techniques,  and  these  are  still  the  primary  means  for  commercial  produc¬ 
tion  of  bar  and  billet  stock.  The  most  reliable  of  these  methods  ‘.or  producing  forgeab'e 
tungsten  alloys  is  isostatic  pressing  followed  by  sintering  in  vacu  m  or  hydrogen. 
Pressed  ani  sintered  tungsten  billets  normally  ex/ubii;  some  porosity,  particularly  at 
the  billet  centers,  and  have  a  density  less  than  theoretical.  The  amount  of  porosity 
increases  with  increasing  section  size,  thus,  the  larger  the  billet,  the  lower  the  aver¬ 
age  density.  Average  densities  exce<.iing  94  per  cent  ensure  at  least  90  per  cant  in 
all  regions,  but  this  is  difficult  to  accomplish  in  billets  larger  than  about  5-6  inches  in 
diameter. 

To  overcome  billet  section-size  limitations,  larger  parts  have  been  produced  by 
pressing  and  sintering  a  preform  shape,  and  then  hoi  forging  to  improve  both  the  density 
and  mechanical  properties.  Another  method  consists  of  plasma-arc  spraying  a  preform 
shape  unto  a  mandrel.  The  mandrel  is  then  removed  and  the  blank  sintered  to  a 
forgeable  preform.  Forging  blanks  prepared  in  this  manner  have  been  successfully 
forged  into  hollow  conical  shapes  weighing  up  to  80  pounds. 

Cast  ingots  of  unalloyed  tungsten  and  tungsten  alloys  can  be  produced  by  either 
consumable-electrode  arc  melting,  electron-beam  melting,  or  arc-melt  centrifugal 
casting.  The  application  cf  theeu  techniques  to  the  production  of  tungsten  bar  and 
billet  stock  is  fairly  recent  in  comparison  with  powder -metallurgy  methods.  Unalloyed 
tungsten  ingots  as  large  as  9  inches  in  meter  have  been  made  bv  consumable- 
electrode  arc  melting,  and  ingots  of  binary  W-Mo  alloys  such  as  W-lSMo  have  been 
melted  in  sizes  up  to  12  inches  in  diameter.  Electron-beam  melting  of  unalloyed 
tungsten  ingots  up  to  about  4  inches  <•*  diahheter  has  been  accompli.shed,  and  vacuum- 
arc  centrifugal  casting  of  VlfrZMo  i  up  to  about  6  inches  in  diameter  has  been 
reported.  (4i6)  By  extrusion  breakdown  of  the  cast  ingots,  .wrought  forging  billet  stock 
ranging  from  about  1-1/2  to  5  inches  in  diameter  can  be  produced. 


FORGING  BEHAVIOR 


Like  molybdenum,  the  forgeability  of  tungsten  and  tungsten  alloys  is  directly 
related  to  billet  density,  grain  size,  and  interstitial  content  and,  therefore,  to  the 
method  of  billet  production.  The  general  influences  of  billet  processing  history  on  the 
forgeability  of  tungsten  materials  are  summarized  in  Table  21-2. 

The  forgeability  of  pressed  and  sintered  tungsten  increases  with  increasing 
density.  Production  experience  indicates  that  the  minimum  density  for  reason -.ble 
forgeability  should  be  at  least  90  per  cent  ot  theoretical.  As  mentioned  above,  tills 
requires  an  average  billet  density  of  about  94  per  cent.  At  this  density  level,  pressed 
and  sintered  billets  and  preforms  can  be  readily  forged  in  all  directions,  i.  e. ,  upset, 
side  forged,  and  roll  forged. 

Although  there  are  indications  that  cast  ingots  of  tungsten  with  a  fine  gram  struc¬ 
ture  may  be  directly  fox'ged,  the  most  reliable  method  of  producing  forgeable  'bii<  .'V 
stock  is  by  extrusion  breakdown  of  the  cast  ingot.  Based  on  work  at  T.Vior.ip'>onrRair)c.- 
Wooidridge,  extruded  billet  stock  is  readily  forgeable  In  cither  *he  sti  sss-relieved  or 
recrystalliiied  condition  pr.-svided  the  structure  is  fine  Strained  and  uniiorm. 


TABLE  21-2.  INFLUENCE  OF  BILLET  HISTORY  ON  I\  ''.GEABILITY  OF  TUNGSTEN  AND  TUNGSTEN  ALLOYS 


Billet  Condition _ _  Coti;ments  on  For^icabiliiy 

Presied  apl  sintered  Billets  up  to  about  6  inches  in  diaiiietet  can  be  forged  in  any  direction. 

Since  billet  centers  become  weaker  with  Increasing  diameters,  laiger 
billets  usually  must  be  either  extruded  or  side -forged  before  they  can  be 
upset  by  ti  iging. 

Slip  cast  and  sintered  Not  forgeable. 

Arc  cast  Usually  r.ot  forgeable. 

Arc  cast  and  extruded  Forgeability  increases  with  increasing  CAtruslon  ratio.  A  ratio  nf  about 

4:1  it  about  minimum  for  reasonable  forgeability:  can  be  both  tide  and 
upset  fotged. 

Electron-beam  melted  Limited  data  indicate  that  as-cast  tungsten  can  be  directly  forged  if 

grain  size  is  fine.  Otherwise,  ingots  ate  usually  nor  forgeable. 


The  levels  at  '.vhicl..  interstitials  begin  to  impair  forgeability  are  not  only  a  func¬ 
tion  of  the  total  content^  but  also  of  the  amount  of  grain  surface  .available  to  accom¬ 
modate  them.  This  point  is  reflected  in  the  superior  forgeability  of  fine-grai.i, 
powder-metallurgy-tungste.i  compared  with  that  of  coarse-grain,  arc-cast  tungsten. 
Alsoj  the  critical  transitions  between  ductile  and  brittle  behavior  of  the  latter  are  far 
more  sensitive  to  small  changes  in  interstitial  composition.  Consistently  good  forge¬ 
ability  is  obtained  in  tungsten  containing  less  than  75  ppm  oxygen  and  less  than  30  ppm 
nitrogen.  A  tentative  Aerospace  Materials  Specification  for  pressed  and  sinteied  un- 
\lloyed  tungsten  forgings  recommends  the  following  msiximum  compositional  limits  for 
satisfactory  forgeability  and  forging  quality iCi^) 


Carbon 

60  ppm 

Oxygen 

60  ppm 

Nitrogen 

20  ppm 

Metallic  elements,  each 

20  ppm 

(Al,  Fe,  Cu,  Ni,  Si) 

Hydrogen 

10  ppm 

Others,  each 

10  ppm 

Pilot-production  forging  of  a  thin-section  tungsten  shape  in  the  50-pouiid  range  Indicates 
similar  limits  are  applicable  to  arc-cast  material.  (^) 

Tungsten  and  several  W-Mo  alloys  have  bee.i  successfully  forged  over  a  wide 
range  of  te.  iceratures  from  as  low  as  1800  F  to  3500  F.  Temparaturos  in  the  vicinity 
of  3000  F  are  favored  i’-i  initial  breakdown  of  piessed  and  sintered  billets,  but  finish 
forging  is  usually  done  at  temperatures  ranging  from  Z600  F  downward  to  2000  F.  In 
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lAbLE  21  "3.  TENSILE  PROPERTIES  OF  SELECTED  TUNGSTEN  NOEZI.E  AWD  RING  PARTS  PRODUCED 
FROM  PRESSED  AND  SINTERED  BILLETS  BY  HOT-COLD  WORKING  TECHNIOUES(^> 


Ten  _  AxUI  Dli-;ctloii _ _  Tangenlial  Direction 


Fabrlcaiion  Method 

Temperuturc, 

F 

Uliiniare 
Strength,  k:t 

ElongMtl?!'. 
^  in  1  inch 

Reduction 
of  Arc*,  *70 

Ultimate 
Strength,  ksl 

El.'  ngation, 
*5^1  In  1  Inch 

Reduction 
or  Area,  ^’fo 

Upset  forged  to  807®  reduction, 

RT 

0,3 

0.  0 

A. '.7.  o 

■X  *1 

o.n 

warm  formed 

200 

\r,2, 8 

6.0 

2.0 

148. 3 

*^.5 

0.0 

400 

UC.  0 

13.0 

00.0 

121.0 

5.  tj 

4.0 

Ring  rolled  with  50^  veil 

300 

100.6 

n.o 

o.c 

126.0 

2,  0 

0,0 

reduction  (M  -l  A!"  OD  x  12" 

400 

90,6 

2.  if 

3.0 

117.7 

18.0 

■21.0 

ID  X  3-1/2") 

600 

82,0 

14.0 

18.0 

111.8 

w2e  o 

55,5 

Back  extruded  and  ring  rolled 

400 

113.9 

10.6 

40.  i 

111.6 

27.6 

66.7 

Die  forged  to  dogbone  ihape 
and  ring  rolled 

AOO 

110,  s 

32.0 

66.1 

116.1 

18.6 

45,2 

FIGURE  21.1. 

CHARACTERISTIC  AS  .WROUGHT  TEHSILE 
PROPERTIES  OP  VACUUM. ARC  .MELTED 
AND  POWDER  .METALLURGY  TUNCSTEMI” 
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rocket-nozzl"  forging,  a  billet-height  reduf-'-’on  of  approximately  80  per  cent  at  forging 
temperatures  at  all  times  below  the  critical  recrystallization  temperature  is  consid¬ 
ered  essential.  (8 )  This  imparts  the  fine-grained,  fully  wrought,  finrous  structure  that 
is  characteristic  of  high  strength  and  good  ductility  at  low  transition  temperatures,  as 
indicated  by  the  data  in  Table  21-3. 

Similar  working  temperature  ranges  appear  to  be  applicable  to  arc-casd  un¬ 
alloyed  tungsten,  W-’2Mo,  and  W-lSMo,  except  that  breakdown  operations  are  per¬ 
formed  by  extrusion  rather  than  forging.  Optimum  forgeability  of  arc-cast  and 
extruded  billets  of  these  three  materials  is  obtained  at  temperatures  ranging  downw.''rd 
from  about  2350  F  to  2100  F,  according  to  Lake.  This  is  also  coincident  with  achiev¬ 
ing  the  most  desirable  structure  in  the  forging  from  the  standpoint  of  properties. 

Recrystallization  temperatures  for  tungsten  materials  vary  from  f>  I  2500  F  to 
3200  F,  depending  on  the  amount  of  prior  deformation.  When  forged  hel  .w  its  recrys- 
tallizatioh  temperature  ‘■ungsten  work  hardens;  thus,  progressively  higher  forging 
pressures  are  required  with  increasing  reduction  and  decreasing  temperature.  A 
measure  of  the  relative  forging-pressure  requirements  and  the  forgeability  at  various 
forging  temperatures  can  be  obtained,  respectively,  from  elevated-te'mperature  tensile 
strength  and  ductility  data.  As  illustrated  by  the  data  for  unalloyed  tungsten  in  Fig¬ 
ure  21-1^^),  the  strength  increases  quite  drastically  as  the  temperature  is  reduced 
from  3000  F  to  2000  F.  5'imilarly,  the  ductility  of  pressed  and  sintered  tungsten  im¬ 
proves  as  the  temperature  is  reduced  below'  3000  F.  The  ductility  of  vacuum  arc 
melted,  on  the  other  hand,  is  not  very  sensitive  to  temperature  variations  in  this  range. 
The  tensile  strength  of  tung.iten  is  compared  with  that  for  various  other  types  of  alloys 
at  their  respective  forging  temperatures  in  Table  21-4.  The  higher  strength  of  tungsten 
is  indicative  of  higher  forging  pressure  requirements. 

TABLE  21-4,  TENSILE  STRENGTHS  OF  SEVERAL  ALIXIYS  AT  THBR 
REsreCTIVE  FORGING  TEMPERATURES(2) 


Meul  or  Allay 

Forging 

Temperature,  F 

Ultimate  Strength, 
pil 

AZ80  Magnesium 

'/SO 

3,500  -4,000 

6061  Aluminum 

800 

4, 000  -  5, 000 

304  Sulnlesi  Steel 

2100 

5,000  -  7,000 

T1-6A1-4V 

1700 

10,000  -  15,000 

Waipaloy  (Nl-baie) 

2000 

10, 000  -  15, 000 

Mo-0.6Tl-0.08Zr<*) 

2500 

20,000  -  30,000 

Unalloyed  W(*) 

2600 

25, 000  -  40, 000 

(a)  Data  repretenti  tecryitalilzed  condition. 


Upset  forging  studies  at  Thompson-Ramo-Wooldrldget^)  showed  that  initial  defor¬ 
mation  pressures  for  the  W-15Mo  alloy  at  temperavures  between  2000  F  and  3f.b0  F 
vary  between  about  90,000  and  105,000  psi.  Upon  reaching  50  per  cent  upset  reduc  ¬ 
tion,  the  forging  pressures  were  estimated  to  be  in  the  vicinity  of  150,000  r'.sl.  A 
significant  p'  Int  is  that  a  1000  degree  F  change  In  tempcratu.re  b.’d  little  influea-.  on 
forging -Tftres sure  requirements.  This  corresponds  well  with  the  forg'  -j' ?.,  ;,■  .■ 
behavior  of  the  molybdenum  alloy  Mo-0.  5Ti-0.  08.2r  over  this  temperature  range. 

The  initial  upset  forging  pressure  drops  off  appreciably  on  heating  above  3000  F,  as 
shown  in  h'igure  21-2,  bar  rupturing  occurs  i  i  increasing  degrees  of  severity  as  the 
temperature  hx.reases.  In  the  range  from  3000  F  to  4000  F,  the  initial  upsetting 
pressures  fo'.  the  W-15Mo  alloy  are  twice  those  for  the  Mo-0.  5Ti-0.08Zr  alloy,  and 
nearly  five  tin'.  ■  those  for  unalloyed  molybdenum, 
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Similar  data  for  W-GMo  and  W-0.  5Cb  alloys  are  inciuded  in  Figure  di-i.  Both 
of  these  alloys  require  higher  initial  forging  pressures  than  W-15Mo  at  temperatures 
below  about  2500  F,  but  their  pressures  drop  off  more  rapidly  at  higher  temperature i . 
These  data  reflect  the  differences  in  recrystallization  behavior  of  the  alloys.  The 
forging  loads  for  50  per  cent  upset  reductions  fcr  t!.e  three  alloys  also  reflect  this  be¬ 
havior  as  a  function  of  temperature,  as  shown  in  Figure  21-3, 


COMMENTARY  ON  FORGING  PRACTICE'S 


Metallurgical  principles  in  tbs  forging  oi  vuiigsten  are  much  the  same  as  those 
for  molybdenum.  Tungsten  is  generally  forged  in  ;he  hot-cold-work  temperature  range 
where  hardness  and  strength  increase  with  increasing  reductions.  Both  systems  ex¬ 
hibit  increasing  forgeability  with  decreasing  grain  size. 

Tungsten  requires  considerably  higher  forging  pre  .  ares,  which  tax  the  stress 
limits  of  most  forging  die  materials.  For  this  reason,  i'  . often  necessary  to  use 
in-process  recrystallization  annealing  treatments  to  reduce  load  requirements  for  sub¬ 
sequent  forging  steps.  The  need  for  lateral  support  durmg  forging  is  greater  for 
tungsten  than  for  molybdenum,  and  the  design  of  preliminary  forging  tools  is  more 
critical.  This  is  particular .ly  true  for  pressed  and  sintered  billet  stock  which  has 
some  porosity  and  less  than  theoretical  density. 


Control  of  Reduction.  Control  of  the  amount  of  reduction  imparted  to  tungsten 
during  forging  is  quite  «.rltical.  Initial  reductions  are  generally  limited  to  30-40  per 
cent.  This  practice  avoids  excess  hardening  that  may  lead  to  fracture.  Forgings  are 
sometimes  recrystallized  at  this  point  to  achieve  grain  refinement,  to  lower  subse¬ 
quent  forging-load  requirements  and,  in  the  case  of  piessed  and  sintered  billets  ,  to 
further  aid  denslfication.  Once  complete  denslfication  is  achieved,  intermediate 
stress-relief  annealing  between  successive  forging  operations  is  often  adequate  for 
good  forgeability. 

Opposing  conical  dies  are  sometimes  used  to  provide  lateral  restraint  to  the 
billets  during  initial  upsetting.  This  helps  to  minimize  the'  possibility  of  center  crack¬ 
ing  of  billets  with  height/diameter  'uatios  of  1;1  or  higher.  The  control  of  reductions 
for  upset  forging  billets  with  small  height/diameter  ratios  (e.g. ,  1:2)  is  not  critical 
because  the  stresses  are  essentially  compressive  at  the  outset  of  d<  nation.  Billets 
5-1/2  inches  in  diameter  by  3  inches  high  of  pressed  and  sintered  tungsten  have  been 
upset  forged  successfully  to  reductions  exceeding  80  per  cent. 

In  hot-cold  forging  a  rocket  nozzle  shape  from  arc-cast  and  extruded  billets  of 
W-2Mo  alloy  and  unalloyed  tungsten,  LakeC^)  reported  total  upset  reductions  of  70  per 
cent  were  readily  attainable  by  multiple  upsets  with  intermediate  st'>-s8'  relief  anneals. 
At  2350  F  with  billets  having  a  height/diameter  ratio  of  1.75:1,  the  maximum  ij.itial 
upset  reduction  without  sidewall  restraint  was  limited  to  about  40  per  cent  t.  avoid 
shallow  intergranular  crackirp  cn  the  sidewali.  The  complete  lorging  sequenc;.  for 
producing  a  thin-walled  unalloyed  tungsten  nozzle  shape  with  a  major  diameter  ot 
8  inches  frc..-n  arc-cast  and  extruded  billet  atock  is  rhoun  in  .*'igure  '.1  4.  This  part 
was  forn'td  or.  an  8000-tor.  mechanical  crank  press  at  the  following  temperatures  for 
each  ope  ratio.*! ; 


POKCIMC  LOAD,  TONS  FORCING  PRESSURE,  1000  PSI 


TEMPERATURE,  F 


FIGURE  21-2.  INITIAL  UPSET  PRESSURES  POR  FORCING  OF  EXTRUDED 
BILkETS  OF  THREE  TUNGSTEN  ALLOYS  AT  VARIOUS 
TEMPERATURES 


kOOO  2400  2000  2200  3«)0  4000 

TEMPERATURE,  F 

FIGURE  21.1  FORCE  REQUIREMWTS  FOR  SDK  UPSET  FORGING  OF  EXTRUDED 
BILLtTS  0.^=  THREE  TUNGSTEN  ALLOYS  AT  VARIOUS 
TEMPERATURES 

Aft* 


Operation 

Temper  atu 

Upset  No.  1 

2330 

Upset  No.  2 

2300 

Upset  No.  3 

2300 

BlockJown 

2250 

Semi-coin 

2200 

Coin 

2200 

Billet  Heating.  Like  molybdenum^  tungnten  form*  *  voletile  oxide  et  forging 
tempurature*,  and  imr^ace  contamination  i*  uaually  not  a  problem.  Thu*,  except  for 
the  problem  of  creating  unde*irable  vapor*,  conventional  billet -heating  furnace*  are 
generally  applicable  for  heating  tungaten  to  temperature*  up  to  about  2300  F.  To  re¬ 
duce  the  amount  of  oxidation  (and  the  metal  lo**),  variou*  type*  of  gin**  coating*  can 
be  u*ed  oil  thr  billet*.  Al*o,  in  the  ca*e  of  electric  re*i*'.anco  or  induction  furnace*, 
aiinply  purging  the  furnace  retort  with  Inert  ga*  1*  effective. 


Die  Material*.  The  selection  of  die  material*  for  forging  tungsten  depend*  a 
great  deal  on  the  forging  e«\ulpment  being  used.  For  kammer-foiging  dies,  the  com¬ 
mon  low-alloy  Gr-Mo-V  die  steel*  are  used  with  considerable  success.  The  AISI 
H-11  and  H-12  types  of  tool  steel  are  often  favored  for  press  forging.  LakeC^)  re¬ 
ported  excellent  performance  for  dies  of  H-12  hardened  to  Rc  50-52  in  crank  press 
forging  of  timgsten  and  several  tungsten  alloys  at  2100-2350  F:  in  forging  a  lot  of 
32  parts,  die  wear  occurred  only  on  the  fla...h  radii.  It  was  estimated  that  at  least 
100  forgings  could  have  been  pr^uced  before  polishing  of  the  flash  tliroat  would  have 
resulted  in  radii  so  large  that  trimming  of  flash  from  the  forgings  would  become 
difficult. 


Lubrication.  Tungsten  oxide,  which  becomes  molten  and  volatilise*  at  forging 
temperatures,  serve*  a*  an  effective  lubricant  for  forging  "bare"  tungsten.  Mixtures 
of  graphite  and  molybdenum  disulfide  sprayed  on  the  dies  aid  in  lubrication  and  act  as 
effective  parting  agents  to  ease  removal  of  the  parts  from  the  dies,  .-...ace  finishes 
of  less  than  100  microinches,  rms,  on  small  rib-and-web  type  parts  are  attainable 
by  this  practice. 

A  variety  of  glasses  that  can  be  used  as  coating*  to  reduce  oxidation  are  also 
effective  a*  lubricants.  Glasses  have  the  added  ad'^antage  of  providing  insulation  be¬ 
tween  the  dies  and  the  much  hotter  workpiece,  but  rougher  surface?  ..re  produced. 
Also,  there  is  a  problem  of  glass  collecting  in  the  crevices  of  imprersion  dies,  which 
can  interfere  with  achieving  complete  die  fill.  Thus,  glasses  are  most  appli  abV  for 
simpler  forging  operations  such  as  upsetting  or  back  extrusion. 

Cor.  Ung  From  Fo'a.ng.  Having  a  comparatively  high  ductile -brittle  transition 
tiimperature,  tungsten  is  subject  to  thermal  cracking  if  cooled  too  rapidly  below  about 
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1000  F.  For  this  reason^  forgings  are  generally  cooled  slowly  either  in  furnaces  or 
by  burving  them  in  insulating  materials  after  forging. 

Since  finish  forging  is  almost  always  doite  in  the  hot -■cold  working  range  >  a  de¬ 
sirable  practice  is  to  stress  relieve  the  parts  diroctly  after  forging  prior  to  slow  cool¬ 
ing  to  room  temperature. 


COMMENTARY  ON  FORGING  DESIGN 


The  greatest  uee  for  tungsten  forgings  lia»  been  in  rocket-nozale  applications. 
Production  forging  of  tungsten  nossle  inserts  has  ueen  largely  limited  to  billets  pre¬ 
pared  by  powder -metallurgy  techni’^uee  because  of  their  earlier  availability  than  cast 
tungsten. 

Until  recently,  ttie  cloeed-die  forging  of  tungsten  wr.e  confined  to  generously 
contoMred,  solid  shapes.  Even  elightly  hollowed  cones  required  back  extrusion  that 
often  led  to  cracking.  Thue,  eiae  capability  was  restricted  to  ehort,  conical  shapes  in 
the  vicinity  of  10  inches  in  diameter  and  ring  shapes  up  about  15  inches  in  diameter. 
This  problem  hae  been  largely  overcome  through  improved  billet  uniformity  and  the 
development  of  improved  forging  practices.  By  careful  die  staging  and  by  combined 
methods  of  fabrication  cuch  as  upsetting,  back  extrusion,  and  ring  rolling,  sice  capabil¬ 
ity  has  been  increased  and  thinner  sections  with  improved  toler  ances  and  surface  finish 
are  possible.  For  example,  Evans(^)  reported  the  successful  .fabrication  of  a  SS-inch- 
OD  X  31-1/li-inch-lD  x  4-inch-high  r*  _  w4igking  approximately  220  pounds  from  a 
pressed  and  sintered  tungsten  preform. 

The  production  of  conical  tungsten  shapes  of  the  type  required  for  rocket-noazle 
applications,  can  be  conveniently  categorized  into  the  three  forging  designs  illustrated 
in  Figur«.21-S.  Asiuming  the  starting  material  is  preeaed  and  alntered  billet  stock 
with  a  nominal  diimeter  of  5-1/2  inches,  the  general  features  of  these  forging  desirr<^..; 
would  be  roughly  as  follows. 

Type  A.  Solid  Design.  This  design  would  require  a  5-X/2-inch-diamet»;r  x 
15-inch  long  billet  weighing  about  250  pounds.  The  billet  would  be  upset 
forged  to  about  a  7-1/2-inchrthick  biscuit  between  flat  dies  (about  50  per 
cent  reduction).  Because  the  length-to-diameter  ratio  of  the  billet  would 
be  nearly  3:1,  initial  upsetting  would  be  dune  in  sma.'i  Incren.  r  to  avoid 
buckling  Upsetting  would  probably  require  at  least  one,  and  possibly  two 
reheating  steps.  The.  upset  biscuit  would  then  be  forged  in  the  finishing 
die.  A  major  disadvantage  of  this  tnrging  design  is  that  the  deformation 
imparted  would  be  comparatively  small  and  nonuniform.  The  metal  near¬ 
est  the  top  die  would  receive  the  greatest  reduction  while  the  metal  near 
the  bottom  of  <he  lower  die  weald  be  essentially  unworked. 


S?7 


TVPt  C  -  DitP  CUP  DMIfiri 

PIGURE  21-S.  THREE  TYPES  OP  POROtHC  DESIGNS  POR  PRODUaNC  TUi4GSTEN  ROCKET 
NOZZLE  SHAPES 

Typical  can'lpuratlcn  •<  nanla^ttirco  Inaarl  U  ahcwn  by  risahad  autllna 


Type  B.  Hollowed-Out  Detign.  The  typical  forging  tequencee  for  this  de- 
•  ign  are  illuetrated  in  F^'cure  2l->6.  l^e  firat  step  would  be  to  upaet  a 
5*l/2~inch-diameter  x  lX-3/4-inch-long  billet  weighing  about  180  pounda 
to  a  biacuit  about  6  inchea  thick,  probably  with  one  reheating.  The  aecond 
atep  would  conaiat  of  forging  the  biacuit  in  a  cloaed  die  to  a  "dog-bone" 
ahape  aomething  like  that  illuetrated.  This  die  would  be  deaigned  ao  that 
the  aide  wall  of  thia  ahape  would  be  aupported  by  the  finiahing  die.  Thua, 
the  finiahing  die  would  provide  lateral  support  to  the  part  at  the  outaet  of 
deformation.  Depending  on  the  levela  of  deformation  intpai'tcd,  ..  .night 
be  deairable  to  recryatalUae  the  dog-bone  preform  before  finishing  t'' 
reduce  forging-pressure  requirementr  This  design  would  require  loss 
material  and  the  forging  would  receive  greater  and  more  uniiurm  defor¬ 
mation  than  the  Type  A  design.  Thia  type  of  forging  design  is  quite 
versatile,  and  would  be  applicable  for  shapes  other  than  simple  cones. 

Type  C.  Deep-Cup  Design.  This  type  of  design  is  particularly  cuited  to 
short  conical  shapes.  The  typical  forging  sequences  for  thia  design  are 
illustrated  in  Figure  ^1-v.  A  billet  about  5-1/2  inches  in  diameter  ST.-d 
8  inches  high  weighing  about  140  pounds  would  be  required.  The  first 
step  '"ould  consist  of  upsst  forging  to  a  biscuit  about  1  in.'h  thic'  (o8  per 
cem  roducticn).  is  likely  that  at  least  two,  and  possibly  three,  re¬ 
heating  ;:teps  W'-uM  be  required  to  accomplish  the  upset.  The 
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(1)  upser  BPLLeT  to  plush  siscuit  at 

2S<N-30CO  F 


(2)  Dte  FOROE  TO  *DOC-tOME’  SHAFE 
JIEEO  TO  FINISH  DIES  AT  2000'230«  F 


(3)  FORCE  TO  FINISH  SHAPE  AT  2000-2300  F 


FIGURE  3M.  PROIABLB  DIB  STAGES  IN  FORCING  PRESSED  AND  SINTERED 
TUNGSTEN  FOR  TYPE  B  FORCING  DESIGN 

ilftiAa  b*  r«li*«t«J  In  Mch  nMs*  nnndnd- 


OOC  F 


^  2300-3000  F 

<~~D 

I  3000-3300  F 


(1)  UPSET  BILLET  TO  ABOUT  I-INCH  PANCAKE 
IN  MULTIPLE  REDUCTIONS  OF  ABOUT  SDK. 
RECRYSTALLIZE  PRIOR  TO  FINAL  UPSET 


(3)  DRAW  TO  FINISH  SHAPE  IN  PROGRESSIVE 
STAGES  AT  ABOUT  3000-3300  F 


FIGURE  21-7-  PKCBABLE  DIE  STAGES  IN  FORGING  PRESSED  AND  SINTi;''Et‘ 
TUNGSTEN  FOR  TYPE  C  FORGING  DESIGN 


I 

! 

I 

i 

! 

I 

I 


1 -inch-thick  plate  would  then  be  cupped  by  a  hot-drawing  operation.  To  lov-'er 
forging  pressure  requirements,  the  biscuit  might  best  be  l  ecrystallizcd 
before  the  final  upsetting  stage,  which  would  restore  the  desired  vrought 
strucbire  for  cupping.  Quite  likely  the  dravinj;  operation  illustrated  would 
be  too  severe  to  avoid  rupturing  of  the  blank,  and  a  multistage  drawing 
operation  would  be  required.  A  single  draw  operation  probably  would  be 
limited  to  shallower  cones  lesr  than  4  inches  high,  having  diameter-to 
height  ratios  exceeding  2  to  1.  An  important  feature  of  this  design  approach 
it  that  the  part  receives  more  uniform  deformation  than  do  those  witli  Design 
Types  A  or  B. 

Another  method  for  forging  tungsten  into  slightly  tapered  conical  shapes  of 
Type  C  design  is  by  back  extrusion.  A  typical  sequence  for  such  parts  was  illustrated 
in  Figure  21-4.  The  procedure  consists  of  upsetting  to  a  biscuit  that  fits  the  container 
and  then  back  extruding  around  a  punch.  FolHwing  this  technique  widi  arc-cast  and 
extruded  billets  of  unailv^yed  tungeten  and  W-2Mo  alloy,  Thompson-Ramo-Wooldridgc^^) 
produced  pilot  lots  of  experimental  thin-wall  forgings  with  very  close  tolerances,  as 
shown  in  Figure  21-8.  The  properties  obtained  on  the  forged  parts  are  given  in 
Table  21-5. 


TABLE  21-6.  TENSILE  PROPERTIES  OF  THIN-WALL  TYPE  C  SHAPES  FORGED  FROM 
ARC-CAST  TUNGSTEN  AND  W-2Mo  ALLOY 


Teit 

Temperature ,  p 

Ulthnete 
Strength,  kil 

0.8<)k  Yield 
Strength,  lu) 

Reduction 
of  Area,  % 

Elongation, 
%  In  1  inch 

W-8MO  Alloy 

•  Ai-Eattuded  Billet  Stock 

310 

161.2 

100.6 

1 

4.8 

400 

144.3 

143.  S 

12 

16.1 

640 

121.8 

121.3 

27 

13.8 

666 

117.4 

116.8 

30 

10.6 

3000 

62.4 

47.1 

78 

22.1 

3800 

8.3 

6.8 

99 

81,0 

Unalloyed  W  • 

RecryitaUiaed  Billet  Stock 

200 

166.4 

163.8 

2 

1.4 

300 

144.4 

141.0 

6 

10.6 

360 

132.0 

130.0 

37 

18.4 

450 

114.6 

110.2 

61 

21. 

3000 

16.3 

7.3 

86 

66.0 

3600 

11.5 

6.0 

86 

77.8 

Unalloyed  W 

A%-Extiuded  Billet  ftock 

200 

167.7 

i«7.6 

3 

3.1 

300 

147.3 

146.3 

16 

".8 

360 

137.8 

136.7 

13 

i.  .« 

400 

118.3 

119.3 

30 

17.  e 

3000 

16.8 

8.4 

98 

68.0 

3600 

10.4 

5.6 

98 

64. 

33?. 


An  experimental  structural  part  of  W-l5Mo  alloy  foi-ged  to  pi'ecision  design 
tolerances  is  shown  in  Figure  21-9-^^^  ihis  part  was  forged  on  a  1300-ton  mechanical 
crank  press  in  three  operations>  starting  with  a  l-l/S-inch-dic meter  x  5-1/4-iiich- 
long  billet: 

(1)  Preblock  to  a  dog-bone  shape  at  2100  F 

(2)  Block  down  to  generous!,  contoured  part  outline  at  2150  F 

(3)  Coin  to  finish  size  at  2150  F. 

The  parts  were  sand  blasted,  vacuiun  stress  t  ,';e/cd  at  2400  F,  and  trimmed  of  flash 
after  each  operation.  Details  of  the  part  design  a.'e  shown  in  Figure  21-iO.  In  a 
pilot -production  run  of  32  billets,  31  sound  forgings  were  produced  with  total  dimen¬ 
sional  variance  less  than  that  allowed  by  the  precision-design  tolerances.  This  ex¬ 
perimental  program  demonstrated  the  feaailulib/  of  applying  conventional  forging 
pr.actices  to  the  prod  ;ction  of  tungsten  shapes  with  close  dimensional  control  and  good 
surface  finishes  from  arc-cast  and  extruded  billet  stock. 

f 
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CHAPTER  22 

BERYLLIUM 


Cry%tallin«  Structure: 
Cryitallin*  Chongei: 

Numbur  of  Phases: 

Liquidcs  Temperature: 
Solidus  Ten  j-ra‘u  'e: 
Reaetien  When  Heated  in  Air: 


Close-packed  hexogonal 

CPH  to  BCC  on  heating  above 
2300 

One  at  foijing  temperature 
2345  F 
Over  2300  F 

Oxidation  above  about  1400  F 


GRADES  AND  TORMS  AVAILABLE 


Several  common  gra'les  of  beryllium,  their  basic  compositions,  and  the  forms  in 
which  they  are  available  for  forging  are  listed  in  Table  22-1.  These  beryllium  grades 
which  contain  BeO  in  nominal  amounts  ranging  from  about  0.  8  to  about  4.  3  weight  per 
cent  may  be  considered  as  alloys  of  beryllium,  in  that  they  have  been  shovm  to  age 
harden  and  possess  other  characteristics  of  alloys.  Othervdse,  the  nearest  approach 
to  a  commercial  beryllium-base  alloy  system  would  be  the  more  recent  beryLMum- 
aluminum  alloys  containing  fro  i  about  '4  to  43  per  cent  aluminum, 

TABLE  22-1.  COMPOSITIONS  OF  SEVERAL  GRADES  OF  BERYUIUM  AVAILABLE  FOR  FORGING 


Nominal  Compoiltlon,  mlt 


Grade 

Be 

min 

BeO 

max 

A1 

max 

c 

max 

Fe 

mux 

Si 

max 

Mg 

max 

CHheri 

max 

Formi 

j^yn{1<qM«(a) 

Nuclear 

99.0 

0.9 

0.078 

0. 10 

0.10 

0.06 

0. 08 

Trace 

P.B 

Structural 

99.0 

1.0 

0.10 

0.12 

0. 10 

0. 08 

0.08 

0. 04 

98.  S 

1.2 

0.14 

0.18 

0.16 

0.08 

0. 08 

0. 04 

P.B 

98.0 

2.0 

0.16 

0.15 

0.18 

n.  08 

0. 08 

0.04 

P.B 

97.4 

3.0 

0.18 

f.iO 

0.20 

U.12 

0.08 

0.06 

P.B 

Ir.stnimsm 

92,0 

4.26 

(m)n) 

0.20 

0.80 

0.  80 

0. 18 

0. 10 

0.10 

B 

(»)  P  =  powder,  B  ■=  hot-pteiicd  block. 
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Beryllium  exhibits  man^  desirable  engineering  characteristics;  high  strength, 
higli  modulus  of  elasticity,  low  density,  :• -.d  oxidation  resistance  up  to  about  1400  F. 
However,  the  meti'l  has  seen  only  limited  applications  because  *t  is  expensive,  brittle, 
and  toxic  when  inhaled  in  the  metal  powder  form. 

Bery'lium  billet  stock  car.  be  produced  eithei  by  consumable -electrode  vacuum 
arc  melting  or  by  vacuum  hot  pressing  of  powder.  Because  hot-pressed  block  is  more 
readily  workable  than  cast  ingot,  it  has  been  the  principal  form  of  billet  stock  used  for 
forging.  Beryllium  block  in  sizes  up  to  6  feet  in  diameter  and  weighing  up  to  about 
5  tons  has  been  produced.  Billet  manufacture  can  be  bypassed  by  canning  loose  beryl¬ 
lium  powder  in  evacuated  steel  containers  and  hot  forging  to  consolidate  the  powders 
during  deformation.  This  technique,  described  n  detail  later,  has  been  used  to  produce 
a  variety  of  forged  parts  weighing  from  about  a  pound  to  over  a  ton. 


FORGING  BEHAVIOR 


Beryllium,  in  many  respects,  behaves  like  magnesium  during  plastic  deformation. 
Both  metals  are  characterized  by  a  CPH  crystalline  structure,  which  imparts  low  duc¬ 
tility  at  room  temperature.  The  plasticity  of  beryllium  is  dependent  on  grain  size 
(brittle  when  coarse,  more  ductile  when  fine).  Because  it  is  strain-rate  sensitive,  it 
exhibits  better  forgeability  in  presses  than  in  hammers.  Also  like  magnesium,  beryl¬ 
lium  exhibits  strongly  anisotropic  flow  characteristics.  Essentially,  this  means  that 
once  flow  has  begun  in  one  direction,  extensive  plastic  flow  in  that  direction  can  occur. 
This  increasing  plasticity  in  one  direction  is  usually  accompanied  by  reduced  plasticity 
in  other  directions.  (This  effect  might  be  termed  "oriented  plasticity".  ) 

Since  beryllium  recrystallizes  in  the  vicinity  of  1400  F,  it  exhibits  hot-working 
behavior  above  and  cold-working  behavior  below  this  temperature.  The  similarities 
between  magnesium  and  beryllium  end  when  their  ductilities  in  the  hot-working  range 
(above-their  respective  recrystallization  temperatures)  are  compared.  Bervllium  does 
not  exhibit  the  sharp  rise  in  ’uctility  *bat  magnesium  does. 


Beryllium  has  a  low  tolerance  for  cold  work.  Its  ductility  increases  to  some 
extent  on  heating,  reaching  the  highest  values  at  about  800  F  and  1400  F.  Even  at 

these  temperatures,  however,  beryllitim  is  generally  less  ductile  than  most  other  ma¬ 
terials.  For  comparison,  elongations  reported  for  heated  beryllium  specimens  are 
listed  below  for  various  materials  tested  in  the  vicinity  of  800  F: 


Material 


Elongation,  per  cent 


Hot-pressed  block 


30-40 


Hot-pressed  and  extruded  bar 


15-ZO  (longitudinal) 
<5  (transvert 


Arc-cast  and  extruded  bar 


25  (longitudinal) 
<5  (transverse) 


The  low  t  anaverse  ductility  of  the  wrought  material  is  characterist.;.'  of  beryllium. 
One  wou.'.d  expect  pco.’;  ..peet  ductility  from  nuch  material,  and  this  is  the  case  with 
extruded  bar 


All  forms  of  beryllium  exhibit  unstable  structures  when  Jeformed  above  1400  t  . 
As  little  as  ?-  per  cent  deformation  can  promote  recrystalU7;ation  and  subsequent  grain 
growth,  leading  to  wide  variations  in  ductility. 

Above  MOO  F,  it  is  extremely  important  to  protect  beryllium  from  oxidation 
and/or  to  incorporate  suitable  safety  measures  against  possible  beryllium  oxide  poison¬ 
ing.  *  Because  beryllium  oxidizes  at  a  slow  rate  up  to  1400  F,  it  is  safe  to  frrge  the 
material  below  1400  F  without  resortir.,  to  elaborate  safety  measures  against  toxicity 
problenns.  Thus,  much  forging  development  work  has  cantered  around  the  use  of  tem¬ 
peratures  between  1300  F  and  1400  F  for  forging.  In  this  range,  grain  growth  is  slow¬ 
est  and  the  metal  exhibits  mostly  hot-working  behavior. 

In  a  program  at  the  Ladish  Company^®),  upset  fo-ging  trials  were  conducted  on 
small  billets  produced  by  four  techniques: 

(1)  Consumable-electrode  vacuum  arc  melted 

(2)  Vacuum  arc  melted  and  hot  extruded 

(3)  Vacuum  hot  pressed 

(4)  Vacuum  hot  pressed  and  hot  extruded. 

Forging  trials  were  conducted  over  a  range  of  temperatures,  reductions,  and  speeds. 
All  but  a  few  samples  were  encased  in  1/ 2-inch-thick  mild  steel  Ja.tkets.  Attempts  to 
gain  adequate  support  from  tliinner  Jackets  (0.  01  inch  electroplated  nickel  4  1/16  inch 
mild  steel)  were  wsucceitful.  Important  conclusions  based  on  these  upset  forging 
trials  were: 

(1)  Beryllium  exhibits  better  forgeability  when  upset  slowly  in  a  hydraulic 
press  than  when  upset  rapidly  in  a  drop  hammer. 

(2)  Lateral  support  is  req^rsd  for  upset  reductions  beyond  about  25  per 
cent. 

(3)  Billets  produced  by  vacuum  hot  pressing  showed  better  forgeability 
in  the  as -pressed  condition  than  when  extruded.  Samples  were  suc¬ 
cessfully  forged  with  reductions  exceeding  85  per  cent.  (The  evaluation 
of  arc-cast  and  arc-caet-and-extruded  materials  was  hampernd  because 
of  difficulties  in  obtaining  sound,  fine-grained  billets.  } 

(4)  Best.  lorgeabiUty  was  obtained  by  upset  forging  at  pressing  speeds,  at 
temperatures  between  1300  F  and  1400  F,  and  at  reductions  less  than 
40  per  cent. 

(5)  Forging  pressures  on  the  order  of  10,000-12,000  psi  w.;re  required  fo.r 
upsetting  nickel-plated  samples  at  temperatures  from  1650  F  to  2050  F. 

This  indicates  that  the  pressures  required  for  lorginw  beryllivin  are 
similar  to  those  required  for  some  of  the  magnesium  alloys  {.  .  g-  ,  .Ar.cO 
requires  11,000  psi  at  600  F). 

*Rcf«rence<  16-19  coiiitln  Infoimatien  Mgardtng  the  handling  of  bet/llium  oxide  and  many  of  the  precautiont  necetiaiy  lot 
varlout  (hop  handling  ,<rocedurea. 
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(6)  Highest  strengths  at  room  temperature  and  at  SCO  F  were  obtained  by 
forging  at  temperatures  between  1300  and  1450  F  (tensile  data  are 
presented  in  Table  22-?.). 

In  "'ork  at  Wyman-Gordon  reported  by  Cit  r.!i.'ki(^),  studies  were  made  to  deter¬ 
mine  the  influence  of  forging  temperature  on  the  mechanical  properties  of  various 
shapes  produced  by  the  canned-pcwder  technique.  Comparisons  were  m?'le  with  parts 
forged  at  1600  F  and  1900  F.  As  t^''own  in  Table  22-3,  the  1600  F  forging  temperature 
imparts  higher  strengths  and  slightly  higher  average  elongation  values. 

Cne  of  the  features  of  beryllium  shapes  produced  by  the  canned-powder  technique 
is  that  the  mechanical  properties  of  the  parts  less  direction  sensitive.  This  cumcs 
from  the  fact  that  there  is  comparatively  little  metal  flow  occurring  in  forging  of  be  ryl- 
lium  powder.  This,  in  turn,  reduces  the  crystalline  anisotropy  ordinarily  found  in 
severely  deformed  wrought  beryllium. 

The  moat  wideiy  used  production  specification  for  commercial  beryllium  com¬ 
ponents  forged  from  canned  powders  calls  for  the  following  mechanical  properties: 

Ultimate  tensile  strength  40,000  psi 

0.2  per  Cent  yield  strength  30,000  psi 

Elongation  1%  in  1  inch 

This  specification  can  be  readily  met  in  production  forging  operations,  as  evidenced  by 
the  date  in  Table  22-4  Tor  a  production  run  of  over  400  parts.  0)  It  will  be  noted,  how¬ 
ever,  that  both  the  strength  and  ductility  of  parts  forged  from  hot-pressed  block  (stan¬ 
dard  structural  grade  containing  about  2  per  cent  fieO)  are  substantially  higher  than 
parts  forged  by  the  canned-powder  technique  from  an  equivalent  grade.  One  commer¬ 
cial  apecification(^)  for  forging  from  hot-pressed  block  of  the  2  per  cent  BeO  grade 
cites  the  following  typical  minimum  properties: 

Ultimate  tensile  strength  60,000  psi 

0.2  per  cent  yield  strength  35,000  psi 

Elongation  3%  in  1  inch 

Compared  with  available  data  on  forgings,  these  values  are  quite  conservative. 

According  to  Hornak  and  O'Rourke^’ significantly  higher  strengths  at  both  .  oom 
and  elevated  temperatures  can  be  attained  with  instrument  grade  of  beryllium  containing 
over  4  per  cent  BeO.  Comparative  tensile  properties  on  a  simple  wheel  forging  pro¬ 
duced  from  standard  commercial-grade  (2  per  cent  BeO)  and  instrument-grade  (<4  per 
cent  BeO)  hot-pressed  block  are  presented  in  Table  22-5.  It  was  observed  in  thi.s  work 
by  The  Brush  Beryllium  Company  and  Ladish  Company,  however,  that  this  improve¬ 
ment  in  properties  is  gained  at  the  expense  of  reduced  fori^Sv.l.illty. 
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TABLE  22-2.  EFFECT  OF  FORCING  TEMPERATURE  ON  TENSILE  PROPERTIES 
OF  HOT-PRESSED  AND  I  PSET-FORGfn  YLLIUM (®) 

Samplei  upiet  forced  with  reductloni  between  B3  end  86  pet  cent. 


Nominal  Poiging 
Tempetature,  F 

Ten 

Tempetature, 

F 

Aveiag 

Ultimate 

StteogtT, 

ktl 

Avetage 

0.37b  Yield 
Strength, 
kii 

Avetage 
Elongation, 
7b  Ln  1  inch 

Avetage 
Reduction  of 
Atea,  7<> 

1300 

80 

78.6 

4b,  0 

13.6 

14.2 

1378 

80 

81.7 

60.6 

9.7 

13.7 

1480 

80 

77.0 

42.6 

16.0 

14.0 

1880 

80 

78.4 

38.4 

12.8 

12.7 

1680 

80 

69.6 

32.8 

9,3 

6,7 

1780 

SO 

67.6 

33.6 

9.3 

10.2 

1900 

80 

63.8 

33.3 

7.6 

8.1 

2080 

80 

89.3 

28.2 

6.1 

6.1 

1300 

800 

33.3 

30.8 

21.6 

48.4 

1376 

800 

31.4 

31.4 

13.7 

56.1 

1460 

800 

31.2 

27.7 

30.8 

63.1 

1660 

800 

30.4 

34.6 

39.3 

69.0 

TABU  23«S,  ROOM-TCMPIRAT'JRe  MICHAMCAL  PROPERTIES  OF  THREE  PARTS  FORCED 
AT  1600  F  AND  1900  F  BY  THE  CANNBO-FOWOn  TECHNIQUE^ 


Forging 

Temperature, 

F 

FaitW 

Average 

li.tlmaU 

Snengtli, 

lut 

Avetage 

0.37b  Yield 
Strength, 
ktl 

Average 
Elongation, 
per  cent 

1600 

A 

67.0 

66.0 

3.00 

B 

6S.0 

36.0 

1.93 

c 

80.9 

41.1 

2.90 

1900 

A 

88.4 

36.1 

*e 

B 

43.9 

32.8 

1.86 

C 

82.2 

39.6 

1.20 

(a)  Part  dMciipcioiu; 


Pan  A  •  Id-inch-lcng  angle  diape  with  3>l/'2-|nch  legi,  6/8  Inch  thick 

Part  B  •  12-inch-lang  ihaft  having  3-lnch-dUmctet  x  d-lnch-long  hollow  eii... 
and  4  X  d-inchiquate  wctlon  6  Inchei  long  at  cectei.  Endt  flanged  tc 
6  Inch  diameter 

Part  C  -  S-lheh-ID  x  5-lnch-ID  x  4ttaP**-thlck  ring  with  three  3-lnch-loiig  run: 
extending  from  the  OD. 
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TABLE  RANGE  AND  OISTRiBUTlOV  OF  ROOM  TEMPERATURE  MECHANICAL  PROPERTIES 
FOR  BERYt  LIUM  PARTS  FORGED  BY  THE  CANNED>FOV/DER  TEChNIQUE<3) 


Teit  ban  removed  fi 

'm  441  parti  having  hollow  bowl  ■‘on figuration. 

Ultimate 

Number 

0.2^  Yield 

Number 

Number 

Strength) 

of 

Strength, 

of 

Elongation, 

of 

kii 

Parti 

kil 

“jvtr. 

per  cent 

Part! 

<48 

8 

<30 

1 

flJ.6 

1 

48-80 

121 

30-3fi 

84 

O.J-1.0 

3 

60-88 

IBS 

36-40* 

182 

la  0-2,0 

111 

88-80 

48 

40-4C> 

131 

2.0-3,C 

100 

80-88 

36 

46-80 

27 

S.O-d.O 

69 

68-TO 

8 

60-66 

5 

4. 0-6,0 

34 

>70 

4 

86'80 

1 

6, 0-8.0 

6 

>80 

2 

0.O-V.O 

3 

>7.0 

1 

TABLE  22-*.  COMPARATIVE  PROPERTIES  OF  A  WHEEL  PART  FORGED  FROM  STRUCTURAL  (2»  B«0) 
AND  instrument  (>4?l  BeO)  GKaDES  OF  BERYLLIUM  HOT  ‘PRESSED  BLOCKd”) 


TeniUe  Ptop«tlei(*) 


Grade 

Teit 

Temperature. 

F 

Ultimate 

Strength, 

kii 

0.218  Yield 
Strength, 
kil 

Elongetlon, 
18  In  1  inch 

Inttniment 

RT 

110.0 

78.0 

10.0 

Struetural 

RT 

77.6 

47.0 

10.7 

Innnimem 

600 

Rl.l 

87.2 

13.7 

Structural 

SOD 

84.6 

43.1 

62.0 

IrnRtment 

BOO 

'•■8.6 

84.8 

10.  f 

Structural 

900 

34.  S 

32.2 

43.0 

Initiumeat 

1100 

48.4 

44.8 

12.0 

Structural 

1100 

28. '1 

28.8 

28.6 

(•)  Both  mtteriili  wsre  fotgcd  In  »  ilmllu  mantiei  with  the  Mme  amount  of  reduction.  fcH  ipucl- 
meni  were  taken  at  ilmllat  radial  location!  near  the  rim  of  the  wheel , 
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While  beryllium  exhibits  '  .'reasiny  strength  with  int:ref\sing  reductions,  it  also 
exhibits  increasingly  pronounced  anisotropy  Table  22*6  compares  rootn-tomperature 
tensile  properties  and  the  transvcrae/longitudinal  strength  ratios  for  circular  forgings 
receiving  differing  amounts  of  reduction  in  differing  directions  of  metal  flow.  A  ge.i- 
eral  aim  in  forging  beryllium  is  to  provide  a  minimum  amount  of  n.etal  flow  consistent 
with  the  development  of  uniform  mechanical  prupet^ies  part-to-part.  This  way,  the 
ratio  of  transverse  strength  to  longitudinal  strength  can  be  maintained  closer  to  the 
desired  value  of  1.0. 


TABLE  22-6.  MECHANICAL  PROPERTIES  UP  DIE  FORGINGS  SHOWING  RELATIONSHIP  BETWEEN 
AMOUNT  AND  DIRECTION  OF  METAL  FLOW  AND  THE  DEGREE  OF  ANI5TR0PY 


Relative 
■tmuunt  of 
Reduction 

Direction 
o:  Metel 
Flow(*) 

Direction 

of 

Tettf**) 

0,2“?.  Yield 
Strength, 
kil 

Tcnitic  Propettici 

Ultimate  Elongation, 

Strength,  % 

kti  in  4D 

Reduction 
of  Area, 

Stiength 

Rx'lo^), 

Ux 

Ul 

1.  Medium 

R.  A. 

T 

33-37 

66-63 

2. 0-2.6 

2. 0-3. 2 

1.2 

L 

34 

46-64 

1.1-2. 3 

1.6-2. 4 

2.  Medium 

A 

T 

40-46 

6C-70 

3.3-8. 6 

3. 2-8.2 

1.02 

1. 

34-36 

62-64 

3,7-7. 2 

4.7-7.1 

3.  Medium 

P 

T 

41 

68-64 

2. 6-3. 6 

3,2-4.!) 

0.6 

L 

41-44 

67-68 

4. 6-6. 2 

4. 7-7.1 

4.  large 

A 

T 

&4-S5 

64-68 

0.4-1. 8 

0.6-1. 7 

0.8 

L 

S6-66 

77-86 

2. 9-6. 6 

6. 0-7. 7 

(s)  R  -  flow  In  rsdUl  dltectlon;  A  -  flow  in  txtsl  direction;  R.  A.  -  flow  In  both  tsdUl  end  axial  ditectioni. 

(b)  T  •  ttanivetM  to  direction  of  predominant  flow;  L  •  parallel  to  direction  of  predominant  flow. 

(c)  Ratio  of  average  ttamveiw  ultimate  lUength  to  average  longitudinal  ultimate  strength. 


The  amount  of  deformation  imparted  during  forging  alao  influences  the  degree  of 
preferred  orientation.  Samples  upset  forged  from  hot-pressed  billet  with  about  85  per 
cent  reduction  show  preferred  orientation  [determined  by  X-ray  of  the  weakest  bisal 
(0001)  plane],  as  high  as  8  times  random  orlentatior. (^)  Two  die  forgings,  represent¬ 
ing  lower  levels  of  reduction,  exhibited  preferred  orientations  up  to  3.  5  times  random. 
These  preferred  orientation  values  are  low  compared  with  extrusions  (18:1  extrusion 
ratio)  having  values  of  14R  and  cross-rolled  sheet  having  valuer  as  higi.  i-.a  28R. 

Thus,  it  is  important  to  limit  the  amount  of  deformation  during  forging  tc  avoid 
excessive  preferred  orientation,  llte  actual  limits  for  usable  properties  have  not  yet 
been  established;  however,  it  seems  that  reductions  could  be  limited  to  levels  of  the 
order  of  about  60  per  cent  reduction. 
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COMMENTARY  ON  FORGING  PRAwilCES 


Forging  of  beryllium>  according  to  Hornak  and  0'Rourke(^2)^  i-a,,  I,-,  broken  down 
into  at  leart  five  significantly  different  forging  te;;bn;ques «  as  shown  by  the  comparison 
in  Table  Z?.-T ,  The  economic  advantage  of  any  one  technique  over  another  method  would 
depend  upon  the  defined  characteristics  of  tha  desired  end  product.  Thus^  the  choice  of 
the  forging  technique  would  be  goves  ed  by  such  factors  as  part  si'c,  tensile  -property 
requirementSi  isotropic-property  requirements,  machining  costs,  etc. 


TABLE  22-7.  SUGGESTED  CLA..SIFIC.A  HON  OF  !  f  ULLIUM  FORGING  TECHNlQUEsf^''*) 


Forging 

Technique 

Typlcel  Forging 
Tempereiuiei,  F 

Forging 

Pteisure 

Diitetlon 
of  Loading 

Atmoiphei 

Preheat 

re 

Forging 

Hot  preuingi*} 

19fi0 

600  ptl 

hr  -dayi 

Vacuum 

Vacuum 

Forging  -enned  powder 

1600-19S0 

10-20  til 

lec-min 

inert 

Atr 

Forging  iteel-clad  hot- 

1400-1960 

20-40  til 

tec 

Liett  or 

Air 

ptcMed  block 

eir 

Forging  bare  hot-prewed 

1200-1500 

30-fi0  tii 

lec 

Air 

Air 

block  uiiug  •upport  ringi 

Forging  here  hot-piened 

1200-1500 

.70-60  til 

^ec 

Air 

Air 

block 


(•)  Hot  preiilng  li  Included  for  competlien  end  cen  be  contMeied  fit  <i  tyre  c!  "creep"  forging  operetion. 


Based  on  the  starting  material  rather  than  the  forging  procedure,  a  more  general 
breakdown  of  beryllium  forging  would  r.omprise  only  two  basic  categories: 

(1)  Canned-powder  forging 

(?)  Billet  forging. 

By  this  classification,  the  processes  are  more  distinct  with  respect  to  the  forging  prac¬ 
tices  and  the  production  capabilities  in  terms  of  part  geometry  and  r" — erties. 


Canned-Powder  Forging 

The  canned-powder  forging  process  is  illustrated  in  its  simplest  form  in  Figure 
22-1  for  the  case  of  an  upset  disk.  Since  the  greatest  density  of  po'vders  is  only  about 
50  per  cent  of  theoretical,  the  container  is  designed  to  hold  a  little  more  tlian  tivice  the 
volume  of  the  fully  dense  forging.  Tlie  container  shape  is  ordinarily  geonie^-i-.ially 
similar  to  the  final  part  configuration,  with  allowances  to  p.rcvide  for  enough  fh-  ,v  to 
fill  the  die.  An  example  of  the  canned-powder  billet  shape  and  its  relative  rise  lor 
pitiducing  an  actual  part  (a  flat-bottom  cup)  is  Fliown  in  Figure  22-2  U-) 
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When  adequately  suppor  'd  by  the  cli€>s,  the  conti>iner  material  may  be  thin, 
mild-Bteel  sheet.  When  die  support  is  n^t  possible,  the  container  walls  art  generally 
made  from  heavier  plate  to  provide  sufficient  pressure  on  the  powder  during  forging. 
Thick-walled  plates  of  stainless  steel  (e.g. ,  Type  304)  are  sotrotinies  used  to  provide 
even  greater  constraint. 

Powders  are  loaded  through  porta  provided  in  thfe  enclosed  containers.  Vibration 
is  used  to  obtain  the  highest  packing  density  of  the  powder.  The  containers  are  some¬ 
times  purged  with  argon  before  loaa.ng  to  reduce  oxidation  during  subsequent  heatup. 

The  ports  of  the  packed  containers  .arc  then  sealed  off  with  threaded  plugs.  Unusually 
large  containers  are  sometimes  evacuated  to  reduce  the  volume  of  entrapped  gases. 

The  sealed  containers  are  heated  in  the  temperature  range  of  IbOO  F  to  1900  F  for 
forging.  Because  the  powdered  tnetal  heats  slowly,  longer-than-normal  heating  timer 
are  required  to  achieve  uniform  temperatures.  This  brings  about  some  presinte.ring, 
particularly  In  the  powder  nearest  to  the  container  wall.  Once  heated,  the  canned - 
powder  forging  blanks  are  press  forged  at  speeds  compar.ible  with  ttiuse  used  for  alumi¬ 
num  forging.  When  the  dies  close,  the  high  forging  pressure  is  maintained  for  a  brief 
dwell  period  to  insure  proper  denaiflcatlon.  The  composite  forgings  are  then  cooled 
slowly  to  room  temperature.  The  canning  material  is  generally  removed  from  the 
forged  beryllium  shape  by  either  acid  pickling  or  machining. 

ClesUcki^^)  deac.ribed  some  of  the  procedures  and  problem  areas  in  the  production 
of  a  truncated  conical  shape  hy  the  canned-powder  forging  method  The  container  for 
such  a  part  is  made  up  of  two  concentric  conical  jackets  with  rings  Wvlded  at  the  ends, 
as  shown  in  the  achematb:  drawing  in  Figure  22-3.  IXtring  forging,  the  cap  rings  have 
a  tendency  to  turn  inward  against  the  punch,  causing  the  beryllium  to  flow  toward  the 
outer  circumference  and  form  a  tapered  fin.  Because  of  differences  in  shrinkage 


PORT  POR 
LOADINO 

pomiR 


CAP  RING  MAY  POLD 
OVtR  TO  PORM  TAPBRCD  PIN 


CAP  RING 


CANNCD-POWORR  ASSEMILY 

1  REPORE  FORCING  | 

1  AFTER  rORCING  | 

FIGURf  SCHEMATIC  DIAGRAM  O':  CANN^-POWDER  FORGING 
METHOD  FOR  CONICAL  SHAPES'^' 


between  the  stee'  and  berylliun.,  the  ihiirii’d-mit  hcTylbuni  >  *inn  nirfy  i,  I'^ek  duiMii^ 
8ubsei)uent  cooling.  This  can  be  a  particu...r  pruMcin  with  r  ip  rinj^s  'if  mild  stcrl, 
which  expands  upon  transformation,  ’/his  problem  can  be  nunini. '.ed ,  however,  by 
using  Type  J04  atainless  steel  for  the  rings. 

Anothe*  problem  when  forging  such  hollow  pans  c.in  arise  from  shrinkage  of  the 
beryllium  cone  onto  the  punch  during  pressing.  This  can  occur  particularlv  during  the 
final  presaing  sttge  when  the  forged  ■'ompo.site  is  thinnesi  and  most  readily  cl.iiled  by 
the  dies/  and  can  set  up  sufficiently  high  stresses  to  cause  cracking  of  the  ber/lliuin. 
Thus>  it  is  important  to  maintain  die  temperatures  as  close  as  possible  t:i  the  forging 
temperature. 

Lubiication  techniques  for  forging  conical  shapes  can  have  a  significaat  influence 
on  the  flow  of  both  the  canning  material  and  the  beryllium.  The  flow  of  both  materials 
should  be  as  uniform  at  possible  from  surface  to  surface.  Thus,  it  is  not  uncommon  to 
uae  different  lubricants  for  the  opposed  dies  tc  achieve  balanced  flow  and  minimise  the 
chance  for  jacket  failor.i 

Billet  Forging 

Vacuum-hot-pressed  beryllium  billets  can  be  readily  forged  in  closed  dies,  pro  ¬ 
vided  that  a  positive  melbod  for  keeping  the  billet  in  compression  is  employed.  The 
necessary  r-'^straint  (to  avoid  cracking  of  the  forgings  from  the  h.igh  tensile  stresses 
normally  induced  during  forging)  can  be  achieved  in  several  ways 

(1)  Canning  the  billet  in  thick  steel  Jackets 

(2)  Application  of  expendable  ateel  support  rings 

(3)  Carefully  controlled  die  design  ana  die  staging. 

The  latter  two  methods  employ  bare  billets  which  offer  the  advantages  of  lower  billei.' 
preparation  cost  and  greater  definition  of  part  geometry  than  for  clad  billets. 

The  steel-'Jacketing  technique  for  forging  hot-pressed  billet  is  similar  to  the 
canned-powder  forging  method,  as  shown  by  Figure  22-4,  which  gives  the  details  for 
forging  the  same  beryllium  cup  shape  described  in  Figure  22-2.  It  is  important  to 
shape  the  billet  so  that  it  will  be  subjected  to  high  restraint  throughout  the  forging 
cycle.  As  shown  by  the  details  in  Figure  22-5  for  forging  the  heat  sink  for  the  Project 
Mercury  space  capsule,  this  can  be  achieved  by  starting  with  a  billet  prefonuud  to  the 
same  contour  rs  the  die. 

Because  of  production  and  design  limitations  and  the  additional  costs  associated 
with  the  uae  of  Jackets,  considerable  effort  has  gone;  into  the  development  of  mcU.ods 
for  forging  unclad  beryllium  billet.  The  forging  of  a  part  by  a  cr.nxbijiation  of  buck  ex¬ 
trusion  and  upsetting  operations  using  hot  steel  support  rings  is  illustrated  '»  Fi,v;tu'ic 
22-6.  In  this  technique  developed  by  Ladish  Company^®',  Ihi-  st.'-il  rinjja  coiifine 
workpiece  and  provide  restraint  to  the  free  surfaces  during  delurmatic-. 
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FIGURE  22.6.  FORGING  OF  BERYLLIUM  PART  BY  BACK,  EXTRUSION  AND 
UPSETTING  WITH  STEEL  SUPPORT  RINGS**' 


With  a  mmximvun  billet  temperature  of  1400  F  (for  reaaons  of  forgeability,  prop¬ 
erties,  and  safety),  the  carbon-steel  rings  are  heated  to  temperatures  ranging  from 
about  1600  F  to  ?.000  F,  depending  on  th-  restraint  requirements.  Dies  are  hentcd  to 
800  F  and  ^pray^d  with  a  standard  oil-base  forging  lubricant.  The  beryllium  blanks 
are  etched  in  a  3%  H2SO4  -  3%  H3PO4  acid  solution  and  coated  with  a  low-temperature 
glass-frit  enamel.  If  two  or  more  forging  stages  are  required  for  producing  a  ftitt, 
the  blanks  are  vapor  blasted,  etched,  and  recoated  between  each  operation. 

Hot-pressed  beryllium  can  undergo  a  limited  amount  of  deformation  without  re¬ 
straint.  The  amount  of  deformation  can  be  increased  in  closed  dies  b>  ogresslvely 
restricting  or  "choking"  the  die  cavity  so  that  the  die  wall  offers  restnaint  to  the  work- 
piece.  The  selection  of  die  designs  and  lubricants  ie  quite  critical  .0  avoid  err  jking 
that  can  result  from  a  poor  metal-flov/  condition- or  galling  of4he  dias.  , Denny  and 
McKeogh(^^)  demonstrated  that  a  hub  section  with  a  circumferential  web  around  the  hub 
could  be  forged  from  a  cylindrical  hot-pressed  block  of  beryllium.  An  important,  fea¬ 
ture  of  the  part  design,  shown  in  Figure  22-7,  is  the  full-radius  inte:  >al  fillet.  The 
gradual  transition  with  this  fillet  design  facilitates  lubrication,  reduces  the  amount  o' 
redundant  shear  deformation  of  the  surface  and  the  attendant  shear  stresses,  nd  -'o 
aids  metal  flow.  For  small  fillet  radii,  multiple  forging  stages  would  be  rectt-rec  *0 
gradually  distribute  the  metal  into  the  desired  locations  before  the  finisn  forge  operat’or. 

By  enact  control  o'  ’.be  starting  billet  geometry  and  carefully  designed  die  staging, 
Hornak  and  0'R'Jurke(*®)  showed  that  quite  complex  structural  parts  can  be  forged  with 
reasonable  success  from  hot-pressed  beryllium  without  artificial  restraint.  An  experi¬ 
mental  aircraft  bracket  design  of  the  configuration  shown  in  Figure  22-8  was  used 
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this  study.  The  recommended  fabricatiu.i  procedure  for  this  experimental  part  is 
summarized  in  Table  22-8.,  and  the  forging  sequence  is  schematically  illustrated  in 
Figure  22-9 


Stress  Relief .  The  term  "stress  relieving"  involves  heating  to  a  suitable  tem¬ 
perature,  holding  long  enough  to  reduce  residual  stresses,  and  then  cooling  slowly 
enough  to  minimize  the  development  oi  new  residual  stresses.  For  beryllium  that  has 
been  fabricated  in  one  manner  or  another,  the  deformation  is  accompanied  by  the 
accumulation  of  residual  stresses  of  significant  magnitiide.  0^)  These  stresses  have 
important  effects  both  on  the  strength  of  the  structure  under  service  loads  and  also  on 
the  propagation  of  cracking,  once  failure  is  initiatea.  Producers  therefore  recommend 
that  all  wrought  shapes  of  beryllium  be  stress  relieved  following  deformation  Temper¬ 
atures  in  the  range  of  1300  to  1400  F  are  most  effective  in  accomplishing  adequate 
stress  relief  although  stresses  may  be  relieved  with  long  exposures  at  temperatures  as 
1..IW  as  1150  F.  Temperatures  above  1400  F  are  likely  to  cause  recrystallization  and 
grain  growth,  thus  destroying  the  favorable  properties  of  the  wrought  product.  Usually 
stress-relieving  times  of  10  to  20  minutes  are  adequate. 

TAH.E  22-8.  FABRICATION  PROCEDURE  FOR  FORGING  A  STRUCTURAL 
PART  FROM  BARE  HOT-PRESSED  BERYLLIUM  (10) 


A.  Forging  Equipment 

1.  Hydraulic  pteu 

2.  Hot -work  tool  iteel  diet  at  800  F 


B.  Forging  Stock 


1.  Vacuum -bot-pteued  preform 

2.  ftcform  ihape  to  be  flat  with  perimeter  to  match  blocker 
dl»  cavity 

3.  Stock  temperature  •  1380  a  25  F 


C.  Operation! 

1.  Machine  beryllium  ptefotmi 

(a)  VlMial  liiipectlon  after  light  etch 

(b)  Sonic  and  dye-penetrint  inspection 
(c^  Cost  with  lubricant 

2.  Block  forge  preform!  with  heavy  Oath 

(a)  Remove  <-.dhrter>i  lubrirant  by  vapor  Mart 

(b)  Visual  inspection  after  light  etch 

(c)  Sonic  and  dye -penetrant  Inqpection 

(d)  Condition  surface  by  gtinnin-  out  defects 

(e)  Mill  off  heavy  flash 

(0  Etch  and  coat  with  lubricant 

3.  TuL'h  forge  machined  blocked  parts  without  flaih 

(a)  Remove  adlierem  lubricant  by  vapor  blast 

(b)  Visual  inspection  after  light  etch 

(c)  Sonic  and  dye-penetrant  inspsetien 
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Sometim«a  forgings  are  stress  relieved  at  slightly  higher  temperatures  and  for 
longer  times  that  approximate  an  annealing  treatment.  Hayes  and  Yoblin(^^),  for  ex¬ 
ample ,  reported  stress  relieving  forgings  at  1400  to  1470  F  for  times  ranging  from 
1/2  to  1  hour. 


Safety.  There  are  some  basic  requirements  for  the  maintenance  of  health  and 
safety  in  facilities  handling  beryllium.  Good  housekeeping  and  sensible  shop-safety 
measures  can  offset  the  hazards  associated  with  working  with  beryllium  to  a  great  ex¬ 
tent.  However,  the  absolute  necessity  of  keeping  beryllium  dust  out  of  the  atmosphere 
is  a  subject  that  can  never  be  neglected  in  handling  this  material.  ^ 

Practical  general  suggestions  for  v-'trking  with  beryllium  might  inclu.le  the 

following:(^®» 

(1)  Equipment  and  other  surfaces  on  which  dust  may  collect  must  be 
cleaned  thoroughly  and  frequently.  Use  of  smooth  surf.,  jes  covered 
with  glossy  paint  assists  in  such  cleaning. 

(2)  Vacuum  cleaning  is  the  preferred  procedure  for  removinv  bervrii.r.': 

.dust  from  equipment  and  other  plant  areas.  Central  oi  movsbie 
vacuum  equipment  may  be  used,  but  air  p.iii.ssing  through  juch  equip- 
me.ut  must  .ot  be  discharged  into  the  work  area. 
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(3)  Dry  sweeping  and  the  use  o.^  compressed  air  for  blowing  dust  from  any 
surface  must  be  avoided. 

(4)  Damp  cloths  must  be  used  for  wiping  surfaces  that  carui'^t  be  adequately 
cleaned  by  vacuum. 

(5)  Streams  of  water  should  not  be  used  in  open  work  areas  since  they 
disperse  contaminated  mistc  or  spray  into  air,  particularly  if  wo^-king 
pressure  is  high. 

For  machining  operations,  every  machine  should  be  equipped  with  a  special 
vacuum  line  near  the  tool  for  evacuating  axr  at  velocities  usually  ranging  from  500  to 
3000  feet  per  minute.  Some  machining  operations  such  as  milling,  broaching,  and 
rotary  and  bandsawing  operations  require  the  use  of  cutting  fluids  in  addition  to  local 
exhaust  ventilation  to  minimise  dispersal  of  dusts.  In  such  cases,  provision  must  be 
made  to  collect  the  contaminated  mists  and  sprays. 


C3*!.NTAR_Y,  0N_F0FlG]N£4gVg« 


Table  22-9  lists  seven  possible  techniques  for  producing  forgings  and  describes 
briefly  ihcir  potential  for  producing  various  shapes  and  sizes  of  parts.  The  canned- 
powder  forging  technique'*'probably  offers  the  greatest  size  versaiiilify/  but  it  is  limited 
to  simple  geometric  shapes.  Likewise,  the  technique  of  forging  j.acketed  hot-pressed 
block  is  limited  to  simple  shapes  of  varying  sizes.  Of  these  two  techniques,  the 
caimed-powder  method  seems  to  be  more  useful  for  producing  nonsymmetrical  parts 
having  bosses  and  other  projections.  This  is  because  the  hot-pressed  preforms  re¬ 
quire  complex,  close-fittir.g  jackets  that  are  more  difficult  and  costly  to  make. 

The  techniques  for  forging  complex,  hot-pressed,  unjacketed  preforms  show  a 
real  potential  for  producing  small  forgings  having  a  comparatively  high  degree:  of  shayr 
complexity.  Perhaps  preforms  made  by  canned-powder  forging  technique  will  prove 
more  forgeable  or  economical  than  hot-pressed  preforms.  Probably  the  most  complex 
preforms  could  be  made  by  slip  casting  powder  slurries  into  absorbent  molds,  and 
then  sintering  the  dried  preforms  to  increase  strength  and  density.  A  major  problem 
with  this  type  of  preform  would  be  the  prevention  of  gas  penetration  when  hebting  the 
preforms  for  forging.  Approaches  to  this  problem  may  involve  plating,  flame'spray- 
ing,  cold  pressing,  or  other  techniques  for  scaling  the  surface. 

Drawing  on  successful  practices  for  forgir.g  beryllium  and  experience  w^lh  other 
low-forgeability  materials,  the  over-all  approach  for  designing  berylli'xm  forging.-; 
should  include: 

(1)  Large  fillet  radii  about  two  to  four  times  that  for  aluminur-  forgings 
(blocker-type  design) 

(2)  Generous  corner  radii  -  mimnium  of  i/S  inch  and  probably  t-vc*  times 
that  for  aluminum  forgings 

(3)  Tapered  web; .  Quickening  toward  outside  at  3  ;o  5  degrees  per  surface 


TABLE  n2-9.  SHAPE 


Torglng  Method 


1.  Paging  of  canned  poyrder 


2,  Forging  of  <teel*Jacketed 
hufpteued  block 


3.  Paging  of  bate,  hot-preued 
block 


4,  Forging  of  bate,  ha*pteiied 
block  uiing  nippon  tingi 


6.  Forging  of  bare,  contoured, 
ha-ptesicd  ptefonni 


6.  Forging  of  ilip-caK  and 
ilatered  preform* 


7.  Refotging  of  bare  prefotm* 
made  by  Method  1 
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ID  SIZE  POTENTIAL  FOR  VARIOUS  POSSIBLE  METHODS  OF  FfJRGINC  ESPYLLIUM 
bated  un  an  Induitiy  Survey 


Shape  Potential 


General  Size  Potential 


Genetouily  contoured  dUxi,  heiiiliphereti 
hollow  cyllndeti  and  conei;  patu  having 
unall  boiiei  and  Mhet  ihort  ptojectloni; 
ilmple  itructutal  ihapei  uch  ar  angles 
and  channels 

Generously  contoured  diski,  spherical 
surfaces,  and  shallow  cones 


Back  extrusions,  disks 


Back  extrusions,  disks  hubs,  cups, 
-hemispheres 


Low  •profile  disks  (mae  refined  detail 
than  Method  3),  small  sirucniial  shapes 
with  shallow  profiles 

Intricate  ca>toutt 


Similar  to  Method  1,  but  mote  refined 
detail 


Section  slz/fi  up  to  4  inches  thick  forged 
on  a  temlproduction  basis,  up  to  12 
Inches  thick  or.  a  developmenul  basis; 
disk  shapes  up  to  about  100-lnch 
diameter 

Largest  part  ptodvesd  Is  80-lnch- 
dlameter  spherical  surface;  size  poten¬ 
tial  limited  by  capacity  of  vacuum 
hov'ptestlng  faellltlet:  section  sizes  up 
to  about  12  Inches  thick 

Small  parts  with  major  dimension  prob¬ 
ably  no  larger  than  S  a  S  hichet; 
section  thicknesses  of  leu  than  2  Inches 

Section  sizes  of  leu  than  2  inches; 
diameters  up  to  6  Inches;  back  extru¬ 
sions  up  to  10  inches  long 

small  parts  ranging  In  size  up  to  about 
6-lneh  diameta;  section  sizes  up  to 
about  1  Inch  thick 

Small  parts;  probably  less  than  3  pounds; 
section  size  limits  probably  on  the 
order  of  1 '  '• 

Small  paru,  probably  less  than  10 
pounds 


j'ji 

(4}  Draft  angles  of  8*  on  inside  surfaces  and  5*  on  outside 

(5)  Section  thickness  of  about  1/2  inch  or  larger 

(6)  Designs  should  avoid  lateral  flash;  dies  should  be  parted  at  the  tops 
of  riba  I  rims^  and  other  edge  projections 

(7)  Bead  at  the  parting  line  recommended  if  lateral  flash  unavoidable. 

Figure  2.’-10  illustrates  several  typical  sections  found  frequently  in  die-forging 
designs.  The  shaded  designs  in  each  view  are  those  for  aluminum -alloy  forging.  *  The 
envelope  outlines  illustrate  the  designs  recommended  for  beryllipm.  The  generous 
fillet  radii  help  provide  for  smooth  metal  flow.  The  tapered  wel(s  aid  lubrication  and 
promote  lateral  spreading  of  surface  material.  This  ordinarily  helps  to  maintain  a 
greater  degree  of  compressive  stress  at  the  unsupported  edges  during  forging. 


A.  DISKS  AND  CHANNELS 
r,  (a*)  -  3-4  x  r,(AI) 
(Ba)  «  4  »  r^(AI) 


B.  CUPS 

r,(B*)  -  24  »  r,(AI) 
r,(B*)-2,r^(AI) 


C.  HUBS 

^((Ba) «  3.4  X  ^ 
r^lBa)  -  2  X  r^lAI) 


SHADED  AREAS  INDICATE  ALUMINUM  PORGINC  DESIGN 

FIGURE  22-10.  COMPARISON  OF  DESIGNS  FOR  ALUMINUM  AND  BERYLLIUM 
FORGINGS 


*Refer  to  Chapten  3,  >■  and  7  for  diicuMloni  of  iluminuni  forging  deitgo. 
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FUNDAMENTALS  OF  PLASTIC  DEFORMATION 


Metals  and  alloys  have  played  vital  roles  throughout  the  history  of  mankind,  both 
as  tools  for  fashioning  other  materials  £  d  as  materials  of  cjon«truction.  Ferrous  alloys 
are  the  framework  upon  which  our  mode.^r.  technological  society  is  constructed.  The  use 
of  metals  has  progressed  from  those  found  in  nature  in  the  metallic  State  (gold,  silver, 
copper,  iron-nickel  meteorites),  to  tVie  metals  and  alloys  first  produced  by  accidental 
smelting  operations  (during  the  bronae  age,  followel  y  the  iron  age),  to  metals  easily 
smelted  (lead,  zinc,  tin),  and  finally  to  metals  won  frot  i  their  ores  with  diffic.vlty  (alu¬ 
minum,  magnesium,  titanium,  zirconiutn).  Fabrication  methods  have  advanced  from 
simple  forging  and  casting  procedures  to  a  multitude  of  primary  and  secondary  forming 
operations,  powder-metallurgy  techniques,  and  considerably  expanded  casting  tech¬ 
niques.  The  continuously  increasing  demands  of  designers  on  materials  performance 
has  led  seme  writers  to  call  the  present  era  the  Materials  Age.  Requisite  to  satisfying 
these  demands  is  the  ability  to  form  metallic  material  ?  into  the  desired  shape,  which  is 
based  primarily  on  the  phenomenon  of  plastic  deformation. 

A  precise  definition  of  a  mstal  is  not  easy  to  formulate.  The  term  "metal"  refers 
to  a  class  of  more  than  70  elements  in  the  periodic  chart,  each  with  a  characteristic  set 
of  properties.  These  characteristic  properties  arise  from  the  nature  of  the  bonding 
forces  which  hold  crystals  together;  namely,  interaction  of  an  arra  r  of  electrically 
charged  atom  cores  (ions)  witn  a  free-electron  gas.  Some  important  manifestations  of 
such  "metallic  bonding"  are  the  following;  (1)  metallic  luster,  (2)  opacity  to  light, 

(3)  good  thermal  and  electrical  conductivity,  (4)  capacity  for  plastic  deformation  duting 
relatively  short  times  of  loading,  and  (5)  formation  of  a  positive  ion  in  the  electrolysis 
of  its  compounds.  A  rigorous  scientific  criterion  for  a  pure  metal  is  that  its  tempera¬ 
ture  coefficient  of  electrical  conductivity  be  negative,  i.e. ,  a  metal  becomes  a  poorer 
conductor  as  the  temperature  is  raised'.  Insulato'rs  and  semiconductors  exhibit  increas¬ 
ing  conductivity  with  increasing  .  ^mperature. 

Aside  from  the  factors  of  availability  and  economics,  the  two  most  important 
properties  giving  rise  to  the  widespread  use  of  metals  and  alloys  are  (1)  their  ability  to 
be  formed  into  useful  shapes  by  plastic  deformation  and  (2)  their  ability  to  develop  a 
wide  range  of  properties,  particularly  in  terms  of  attractive  combinations  of  strength 
and  ductility,  alter  suitable  thermal  and  mechanical  treatments.  Of  the^e  two  factors, 
the  capacity  for  permanent  changes  in  shape  while  maintaining  coherency  must  be  con¬ 
sidered  the  .most  important.  This  is  a  particularly  impressive  property  when  one  con¬ 
siders  that  metals  are  generally  used  as  poly  crystalline  aggregates,  each  grain  of  which 
must  accommodate  to  the  deformation  of  Its  several  immediate  neighbors.  Without  this 
remarkable  capacity  for  plastic  deformation,  forming  of  metals  would  be  rest.rii:ted  to 
casting,  powder -metallurgy  techniques,  and  metal -removal  processes  (machinin'^, 
grinding,  electreforming).  It  ip  '■  ' cresting  to  note  that  casting  ir.  a  broader  sense  is  a 
deformation  process  which  takes  advantage  of  the  flowability  of  the  liquid  state  ^«ero  re¬ 
sistance  to  flow,  or  inability  to  m.-iintain  a  shear  otress)  to  fill  «  j.reparcd  cavity.  Thus, 
the  two  most  important  forming  processes  for  metals  involve  flow  in  the  liqu.Vi  and 

flow  in  the  solid  state. 
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MECHANICAL  RESPONSE  OF  PEReECT  ELASTIC  SOLID 


All  theoretical  considerations  of  the  flow  and  fracture  of  solids  a:  e  based  on  the 
ideal  elastic  solid,  one  which  is  a  perfeci;  crystalline  solid  free  ot  defects  of  any  type. 
The  ideal  solid  is  crystalline  by  definition,  meaning  that  a  certain  atomic  arrangement 
is  repeated  indefinitely  in  space.  The  position  oi  neighboring  atoms  is  identical  as  we 
pass  from  atom  to  atom.  Each  atom  for  example,  in  the  face-centered  cub.c  or 
hexagonal -close -packed  crystal  structures  has  1?.  close  neighbors  at  characteristic  dis¬ 
tances.  The  processes  of  slip  by  shearing  a  layer  of  atoms  rigidly  over  another,  or 
fracture  by  separating  two  planes  of  atoms,  requires  the  surmounting  of  the  Coulombic 
forces  of  attraction  and  repulsion  arising  from  electrical  fields  associated  with  the 
atoms.  It  is  useful  to  estimate  the  theoretical  shear*  strength  and  fracture  strength  of 
an  ideal  elastic  solid,  which  will  represent  the  maximum  attainable  strength  of  solids. 


Thsoreticol  Shear  Strength 

Ine  Frenkel^^)  estimate  of  the  theoretical  shear  strength,  or  resisiance  to  flow  by 
slip,  is  outlined  below.  The  forces  involved  in  translating  a  row  of  atoms  over  another 
to  the  next  equilibrium  position  is  Illustrated  in  Figure  A-1.  As  Row  (1)  moves  over 
Row  (2),  a  restoring  force  tending  to  pull  Row  (1)  to  Its  original  position  must  be  over¬ 
come,  This  restoring  forco  reverses  its  sign  as  the  midpoint  position  is  passed  and  the 
row  of  atoms  "snaps"  into  the  next  equilibrium  position.  The  estimation  of  the  theoreti¬ 
cal  shear  strength  depends  on  estimating  the  maximum  restoring  force. 

The  force-displacement  relationship  Is  approximated  by  a  sine  curve, 

T  *  K  sin  (27Tx/1')  ,  (A-1) 

as  illustrated  in  Figure  A-2.  The  constant  K  is  evaluated  from  the  fact  that  the  force- 
displacement  curve  must  have  a  slope  equal  to  that  of  shear  modulus  curve  near  the 
origin.  Near  the  origin,  it  follows  that 

T  B  K  ZtTx/b  (A-Z) 

from  the  small-angle  approximation. 
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FIGUFc  A-1.  SC  ifcMATIC  ILLUSTRATION  OF  FORCES  IN  THE  TRANSLATION 
OF  ONE  ROW  OF  ATOMS  OVER  ANOTHER 
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FIGURE  A.].  APPROXIMATION  OP  P0R':E-DI$PLACEMENT 
CURVE  SY  SINE  CURVE 


From  aUsticlty  theory, 


T  «  (i.x/a, 


(A- 3) 


where 


/i  c  shear  modulus 
x/a  ■  ?hsar  strain. 


Thus 


K  2tTx/b  =  M  ‘x/a 


(A-4) 


or 


K  » 


iiL 


ZTTa 


Then 


b  W  27Tx 

,  w  —  •  — 

a  Ztt  b 


The  critical  shear  stress  comes  at  x  ■  b/4;,  yielding 


>‘7 


(A- 5) 


<A-6> 


Since  a  *>  b,  the  theoretical  shear  strength  is  about  m/Ztt,  or  one-sixth  of  the  shear 
modulus.  Slip  occurs  in  pure  metals  at  very  small  r'uear  stresses,  abv->ut  10“^  p,  *rhicb 
is  about  a  thousandfold  less  than  the  theoretical  shear  strength. 


'nisoi#tic?l  Froeture  Strength 

i'ract'ne  ir.  the  ideal  elastic  solid  requires  that  the  atomic  lorces  of  inter'action 
be  overcome.  Consider  a  line  of  atoms  in  such  a  perfectly  crystalline  solid  as  illus¬ 
trated  schematic  illy  in  Figure  A-3. 


«.  UNuOADID 


k.  tUkjecTtD  TO  fORC?  (P) 


FIGURE  A.3.  line  OF  ATOMS  IN  A  FERFEC1  CRYSTALLINE  SOLID 


The  electrical  fleldi  ^..^Oci^ted  with  each  atom  give  rite  to  potential  fields  of  attraction 
and  repulilon  which  are  functions  of  the  distance  of  separation  of  the  atoms.  The  poten' 
tial  energy(2)  of  Interaction,  can  be  expressed  as; 


\  o-  j. 

<p{r)  - - +  — 

x^m  rn 


(A-7] 


where  r  ii  the  distance  of  separation,  a  and  m  are  constants  for  the  attraction  potential 
and  b  and  n  are  constants  for  the  repulsion  potential.  It  should  le  noted  that  n  <  m, 
since  the  repulsion  potential  (b/r'')  must  increase  more  rapidly  with  increasing  r  In 
order  that  an  equlllbrlun^  can  be  established  between  the  atoms  at  r^. 

Equation  (7)  may  be  differentiated  with  respect  to  the  distance  of  separation  (r)  to 
obtain  the  Interacting  forces: 

,F(r)e^0(r).-^^  ^  .  --  (A-B 

(attraction)  (repulsion) 

This  relationship  Is  plotted  In'Flgure  A-4. 


FIGLRE  A-4.  RF.$ULTANT-FORCE  CURVE  dETWEEN  TWO  ATOMS  AND  APPROXIMATION 
OF  CURVE  PROM  r  -  r.  BY  A  SINE  CURVE 
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The  sino-cufVf  approximation  is  given  by 

*  ^max  (27Tx/a)  .  (A-9) 

The  calculation  of  the  theoretical  strength  of  an  ide<»l  elastic  solid  is  based  on  the 
hypothesis  that  all  the  energy  of  separation  is  available  for  the  creation  of  two  new  sur¬ 
faces,  which  would  amount  to  the  surface  energy  of  the  new  surfaces.  The  total  energy 
available  for  the  fracture  process  corres.,  onds  to  the  area  under  the  cucve  from  the 
equilibrium  distance  of  separation  (r  =  r,,)  to  infinite  separation  (r  =  oo).  The  calculation 
so  carried  out^^)  yields  the  result 

<ymax=y-j^  >  (A- 10) 


where 

®rrax  “  theoretical  fractu’-e  strength 
lii  =  modulus  of  elasticity 


S  =  surface  energy  per  unit  area 


a  s  lattice  parameter,  or  the  equilibrium  spacing  r^. 


The  theoretical  fracture  strength  of  perfect  crystalline  solids,  accordingly,  is 
directly  proportional  to  the  square  root  of  the  modulus  of  elasticity  and  the  surface 
energy,  and  inversely  proportional  to  the  square  root,  of  the  lattice  parameter  of  the 
crystal.  Substituting  values  of  these  three  properties,  it  is  found  that  the  theoretical 
fracture  strength  would  be  expected  to  be  about,  one -tenth  of  the  modulus  of  elasticity. 
The  expected  values  for  iron,  copper,  and  aluminum  would  be  expected  to  be  3  x  10”  psi, 


1.6  X  10”  psi,  and  1 . 0  x 


10^  psi, 


respectively.  In  real  metals,  the  theoretical  elastic 


response  terminates  at  a  stress  of  0. 1  to  0.  001  <7 max  '’V  onset  of  plastic  flow,  which 
terminates  by  fracture  'affer_varymg  amounts  of  plastic  flow.  It  is  ass.umed  het'i'th'^t' 
plastic  flow  is  a  prerequisite  for  the  onset  of  fracture  in  real  metals  and  solids. 


Both  the  resistance  to  plastic  flow  by  slip  and  the  resistance  to  fracture  In  r'^al 
metals  thus  are  several  orders  of  magnitude  lower  than  the  values  characteristic  of  the 
ideal  elastic  solid.  In  the  following  discussion,  the  fundamental  problem  we  v/ill  be  con¬ 
cerned  with  in  understanding  flow  and  fracture  in  real  metals  and  alloys  is  to  rationalize 
the  discrepancy  between  theoretical  and  observed  values.  This  rf.tionsi.’  in  will  be 
based  on  the  hypothesis  that  real  metals  contain  discontinuities  in  an  elastic  continuum 
which  are  regarded  as  viscous  elements  in  an  clastic  matrix.  These  slements  can  relax 
under  load  to  produce  plastic  deformation  according  to  a  limited  number  nf  basic  i.icona- 
nisiits.  The  nature  of  these  relaxation  centers  will  be  examined. 


THE  RHEOLOGICAL  MODELS  FOR  REAL  SOLIDS 


In  the  field  of  rheology,  which  deals  with  general  laws  of  flow  of  •.•na';eri?la,  real 
solids  are  "afonnlized  as  combinations  of  two  basic  elerr'cnts,  na.mely,  ■.e  perfectly 
elastic  or  Hcokean  solid,  ..  ■■•i  the  perfectly  viscous,  or  Newtonian  fluid,  The  Hookear. 
solid  is  one  whic';.  has  the  .'iollowing  relationship  between  stress  {o)  and  strain  (e), 


(A- 11) 


A- 6 
a  =  Kt; 

where  K  is  a  constant  of  the  nnatsrial.  A  linear  relationship  between  stress  and  strain  is 
assumed  and  an  instantaneous  response  of  strain  to  stress  is  inl-'f-rent,  Tnis  element  if 
represented  by  a  spring,  as  shown  in  Figure  A-5f  .  The  Newtonian  fluid  tollows  the  rela¬ 
tionship 

o  =  qe  (A-12) 

where  n  is  a  material  constant  and  £  (or  t/t)  is  tho  strain  rate.  The  Newtonian  fluid  is 
represented  by  a  dashpot,  as  shown  in  Figure  A- 5b,  and  is  the  basis  for  relaxation  under 
an  imposed  load,  since  if  e  =  0  when  t  =  0, 

e=at/o  .  (A-13) 

Rheological  models  of  the  response  of  real  solids  to  stress  are  built  up  as  combinations 
of  springs  and  dashpots. 


WNAA-^ 


o.  THE  HOOKEAN  SOLID 


b.  THE  NEWTONIAN 
FLUID 


FIGURE  A-5.  THE  BASIC  ELEMENTS  IN  RHEOLOGICAL  MODELS 


There  are  two  important  deviations  from  the  elasticity  of  the  ideal  elastic  solid, 
namely  anelasticity  and  inelasticity.  The  state  of  anelasticity  is  one  in  which  the 
stresses  are  not  sufficiently  high  to  induce  gross  plastic  flow  and  is  a  condition  in  which 
strain  is  not  uniquely  a  function  of  stress,  as  is  the  case  with  an  ideal  elastic  solid. 

Such  a  condition  leads  to  a  time  dependency  of  strain,  giving  ripe  to  ■.  'ual-frictiou 
effects  and  strain-rate  sensitivity  in  real  solids.  Figure  A-6  is  an  example  of  a  model 
that  illustrates  anelastic  effects  in  the  "general  linear  substance"  An  instantaneous 
elastic  strain  is  experienced  on  application  of  a  load.  The  remaining  increm-.*r.t  o' 
elastic  strain  is  gained  as  the  dashpot  relaxes  with  time.  In  the  absence  of  the  dashpot, 
the  full  strain  expected  by  elastic  theory  would  be  developed  instantaneously ,  The  an¬ 
elasticity  of  a  body  gives  rise  to  a  hyatsresis  eff-ct  when  cycling  in  ^he  elastic  range,  as 
illustrated  in  Figure  A-7.  The  anelastic  properties  result  in  a  mechanical  hysteresis  in 
stress  cycling  of  such  a  body. 

Inelasticity  is  the  property  of  a  substance  which  enables  it  to  ui.  -evgo  i,iin!anent, 

;j  .eversible  strain  as  a  result  of  imposed  loads.  In  more  common  tr-ns,  the  substai.cc 
can  unde  go  pl.astic  de^'c rr.iation.  In  the  spring  and  daphpot  models,  at  least  one  dashpot, 
or  viscou'  element,  must  be  connected  in  series  with  the  other  elements.  Figure  A-8 
shows  two  common  models  that  illustrate  the  i?ielasticity  of  tho  Maxwell  substance  and 
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the  Bingham  substance.  The  Maxwell  substa  ce  when  loaded  responds  instantaneously  in 
the  elastic  element,  and  the  inelastic  strain  increaries  as  a  linear  function  of  elapsed 
time.  The  Bingham  substance  differs  from  the  Maxwell  substance  iii  that  u  frictional 
element  simulates  a  yield  strength;  the  response  is  elastic  until  the  frictional  resistance 
is  overcome. 


0 

TIME  - ► 


FIGURE  A.«.  CHARACTERISTICS  OF  THE  GENERAL  LINEAR  SUBSTANCE 
UNDER  THE  INFLUENCE  OF  A  C0Ni>1ANT  STRESS,  a 

K  AND  K,  are  MATERIAL  CONSTANTS. 


FIGURE  A-7.  CYCLING  OF  ELASTIC  AND  ANELASTIC  BODIES 

No  onergy  lo  diasipotod  In  cycling  on  Ideal  oloallc 
body,  whorooa  onorgy  proportlonnl  to  tho  oncloaod. 
oroo  la  dlaaipotod  por  cycle  In  tho  onoloatlc  body. 


o.  THE  MAXWELL  SUBSTANCE  b.  THE  PIHGHAM  SUBSTANCE 


FIGURE  A-8.  RHEOLOGICAL  MODELS  POSSESSING  THE 
CHARACTERISTIC  OF  INELASTICITY 
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The  a,bove  are  but  a  few  of  the  models  composed  of  springs  and  dashpots  that  nave 
been  formulated  to  simulate  the  response  of  real  materials  to  imposed  loads.  It  is  im¬ 
portant  to  note  that,  in  such  an  approach,  no  physical  characterisation  is  made  of  the 
viscous  elements;  all  are  characterized  by  dashpots.  Real  metals  and  alloys  possess 
several  recognized  types  of  viscous  el-^rnents  intbt  r; parsed  in  an  elastic  matrix.  The 
more  important  types  of  viscous  elements,  or  relaxation  centers,  in  real  metals  are 
reviewed  in  the  next  section. 


DEFECT  STRUCTURE  IN  REAL  METALS 


The  viscous  elements  in  real  metals  and  allo/s  are  classified  as  crystal  defects. 
A  defect  is  any  deviation  from  a  perfectly  regular  lattice  or  structure.  The  localized 
deviations  from  perfect  periodicity  result  in  loss  of  the  characteristic  high  degree  of 
order  and  produce  disordered  liquidlike  9tru.:tures  that  are  viscous  in  nature  and  can 
relax  under  imposed  laads.  The  crystal  defects  are  classified  as  (1)  point  defects, 

(2)  line  defects,  and  (3)  surface  defects. 


Paint  Defects 

The  simplest  type  of  defect  is  tine  in  which  an  atom  is  removed  from  a  normal 
lattice  sitti,  leavuig  a  vacancy.  The  two  types  of  vacancy  defects  are  illustrated  in 
Figure  A-9.  The  Schottky  defect  is  a  lattice  vacancy  with  the  ndssing  atom  displaced 
to  the  free  surface.  This  lattice  vacancy,  dissociated  from  the  displaced  atom,  is  the 
type  normally  present  hi  metal  crystals.  The  Frenlcel  defect  is  a  lattice  vacancy  and  an 
ir.c<.  rstitial  atom  pair,  i.  e. ,  the  atom  which  vacated  a  normal  lattice  site  is  located  in 
some  nearby  Interstitial  space.  Such  defects  are  characteristic  of  metals  that  have  suf¬ 
fered  radiation  damage.  Such  a  structure  is  highly  strained  (disordered)  aroond  the 
interstitial  atom  because  the  atom  fits  very  poorly  in  the  available  Interstitial  space. 
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FIGURE  A-9.  BASIC  LATTICE  VACANCY  DEFECTS  IN  CRYSTALS 
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The  Si  hotiky  defect  is  normally  of  more  interest  in  metals  than  the  Frenkel  defect. 
When  an  atom  is  removed  from  the  lattice,  the  local  equilibrium  cf  forces  is  disturbed 
and  the  neighboring  atoms  "collapse"  on  the  hole  to  re-establish  equilibrium  of  forces, 
as  illustrated  in  Figure  A- 10.  This  collapsed  structure  around  a  vacancy  creates  an 
element  of  liquiu  structure  according  to  the  ‘  hole"  theory  i.  f  liquids  and  was  termed  a 
"relaxion"  by  Nachtrieb.  The  disorder  around  the  vacancy  gives  it  a  higher  inherent 
mobility  as  compared  with  that  around  a  hole  with  an  unrelaxed  structure. 
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FIGURE  A-10.  ATOMIC  ADJUSTMENT  AROUND  A  LATTICE 
VACANCY  iSCHOTTKY  DEFECT)  CREATING 
LOCALIZED  DISORDER 


That  lattice' vacancies  are  normally  expected  to  be  present  in  a  crystal  follows 
logically.  As  holes  are  mixed  into  a  crystal,  entropy  increases  as  a  result  of  the  en¬ 
tropy  of  mixing,  which  in  turn 'lowers  the  free  energy  of  the  crystal.  An  equilibrium 
concentration  of  vacancies  (n)  is  expected  at  each  temperature,  which  can  be  calcujated 
by  writing  the  free-energy  change  in  introducing  M  vacancies  in  N  lattice  sites  (energy 
required  to  remove  an  atom  to  the  surface  minus  the  temperature  times  the  entropy  of 
mixing),  taking  the  derivative  of  tuis  free-energy  change  with  respect  to  M,  equating 
the  derivative  to  zero,  and  solving  for  n.  The  form  of  the  expression  so  obtained  for  the 
equilibrium  number  of  vacancies  is 

a*Ne*^'^  >  (A- 14) 

where  E,  is  the  energy  to  remove  an  atom  to  the  surface,  k  is  Boltzmann's  constant, 
and  T  is  the  absolute  temperature.  It  is  clear  that  the  higher  the  temperature,  ibe 
larger  is  the  equilibrium  concentration  of  vacancies. 

Vacancies  in  metal  lattices  are  important  in  several  respects.  The  exchange  of  a 
vacancy  with  a  neighboring  atom  constitutes  the  basic  process  of  self -diffusion  in  pure 
metals  and  in  substitutional  alloy  diffusion.  Such  an  interchange  aljo  constitutes  the 
process  of  the  important  mechanism  of  "climb"  in  the  creep  of  metals  (time -dependent 
plastic  flow)  at  elevated  tempt It  Is  now  recognized  that  ciudt^rs  of  two,  lU.  ^e, 
or  more  vacancies  are  very  mobile  in  metal  crystals.  Large  groups  of  v.  oancic;..  can 
collapse  into  dislocation  rings;  this  movement  constitutes  slip  in  metals.  It  is  gener¬ 
ally  recognized  that  the  pr'  ,‘-»8  of  plastic  flow  produces  a  large  number  cf  vacancies 
which  can  coalesce  into  pores  that  Join  up  throug.i  the  process  of  plastic  flow  to  consti¬ 
tute  the  mechanism  of  ductile  fracture  in  metals. 
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Line  Defects 

Liattice  disregistry  which  is  ma.nifested  by  a  straight  or  cuived  line  in  space  is 
termed  a  dislocation  line.  These  dislocation  lines  are  formed  by  two  basic  types  of  dis¬ 
locations,'  .amely,  the  edge  dislocation  and  the  sc i cv.  dislocation,  illustrated  in  Fig¬ 
ure  A-H.  I'he  edge  dislocation  is  formed  in  a  lattice  by  introducing  an  extra  row  of 
atoms.  Th  screw  dislocation  is  a  spiral-rainp  configuration  along  a  particular  direc¬ 
tion  called  the  line  of  dislocation.  Si.’'cmatic  atomic  models,  of  thc'e  dislocations  are 
presented  in  Figure  A-12.  Dislocations  in  crystals  occur  as  lines  terminating  at  free 
surfaces  or  closed  loops  in  the  crystal  and  are  generally  composed  of  combinations  of 
edge  and  screw  components.  The  movement  of  such  lines  or  loops  op  certain  crystallo¬ 
graphic  planes  is  believed  to  constitute  the  basic  machanism  of  slip.  It  is  clear  from 
Figure  A-l2a  that,  when  an  edge  dislocation  reaches  a  free  surface,  the  upper  part  will 
project  one  atomic  distance  over  the  lower  part.  This  constitutes  a  unit  slip.  The  dis¬ 
location  line  ia  particularly  mobile,  since  the  restoring  forces  essentially  cancel  out 
because  of  the  symmetry  of  the  configuration. 


LINE  OF 

dislocation 


BLOCK  WITH  CUT 


b.  EDOE  DISLOCATION 


SCREW  DISLOCATION 


PICURB  A-11.  ,«CHeMATIC  DEPICTION  OF  EDGE  AND  SCREW  DISLOCATIONS 


Surface  Daftets 

Neglecting  the  external  surfaces,  the  concept  of  surface  defects  includes  all  types 
of  Interfaces  in  the  interior  of  the  polycryetalllne  aggregate  that  constitutes  the  usual 
metal  or  alloy.  The  usual  states  of  subdivlBlon  are  illustrateu  in  Figure  A-i  .<.  Thret. 
types  of  interfaces  are  depicted^  namely,  the  grain  boundaries,  the  subgrain  bounda¬ 
ries,  and  the  mosaic  block  boundaries.  The  energy  of  such  boundaries  is  dependerkt  on 
the  degree  of  mlaorlentatlon  of  the  adjacent  units.  Grain  orientations  differ  by  several 
degrees  of  arc  and  are  called  high-angle  boundaries  (idgh  energy),  whereas  subbounda¬ 
ries  differ  by  degrees  and  minutes  of  arc,  and  mosaic  blocks  (about  10”'^  cm  on  a  side 
differ  by  minutes  and  seconds  of  arc.  The  latter  two  aie  called  low-angle  bound  ..lea 
(low  energy)  as  depicted  in  Figure  A-14.  These  boundaries  are  trani'.iOT;  u'om 

on",  crystal  orientation  to  another  orientation  and,  accordingly,  possess  disordered 
liquidlik"  structure  and  are  rightfully  considered  vitcous  elements.  Special  interfaces 
are  those  formed  with  lac  matrix,  by  (wins  rnd  stacking  faults,  and  will  be  discussed  in 
a  later  section, 
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FIGURE  A-12.  ATOMIC  MODELS  OF  THE  EDGE  AND  SCREW  DISLOCATIWIS 


FIGURE  A-13.  SUB-DIVISION  OF  STRUCTURE  OF  A  METAL 
FOL YCRYST ALLIN E  AGGREGATE 


GRAINS  RANGE  IN  DIAMETER  FROM  2C  TO  iSO  MICRONS. 


Thus,  all  thr«s  basic  classes  of  crystal  defects  can  be  regarded  a”  viscous  ele¬ 
ments,  dispersed  in  an  elastic  matrix,  which  are  potential  relaxation  centers  that  .':un  be 
activated  under  load.  The  single  or  couple  relaxation  of  these  elements  gives  ri.  j  to  the 
observed  anelastic  and  plastic  response  of  real  metals  when  subjiscted  to  loading.  1'  vie 
deformation  finally  becomes  unstable  and  is  terminated  by  fracture  occurring  i'>  oite  of 
several  mec.hfnisras. 
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FIGURE  A-14.  ILLUSTRATION  OF  HIGH-ANCLE  AND  LOW-ANCLE  BOUNDARIES 


ELEMENTS  OF  DISLOCATION  THEORY 


The  atomistic  aspects  of  plastic  deformation  in  solids  currently  are  considered 
largely  in  terms  of  the  dislocation  theory.  The  concept  of  the  slip  process  of  plastic 
flow  as  the  movement  of  dislocations  serves  to  reconcile  the  difference  between  the 
theoretical  and  the  observed  strengths  of  solids  and  has  had  reasonable  success  In 
rationalizing  the  flow  processes  and  some  aspects  of  fracture  initiation.  Only  the  rudi¬ 
ments  of  the  dislocation  theory  will  be  reviewed  here.  There  art  several  excellent 
books  available  on  the  subject. 

The  concept  of  edge  and  screw  dislocations  was  introduced  in  the  previous  section 
dealing  with  the  basic  types  of  defects  found  in  real  solids,  and  are  illustrated  in  Fig- 
ure  A-12.  A  basic  idea  in  the  theory  is  that  of  dislocation  lines  and  loops.  These  lines 
and  loops  are  composed  of  combinations  of  edge  and  screw  dislocations;  the  lines  may  be 
straight  or  curved  in  space.  It  is  a  geometric  requirement  that  the  dislocation  line  c^rn'-t. 
end  within  a  crystal  or  a  grain  in  a  polycrystalline  aggregate,  but  must  terminate  at  a 
free  surface  or  grain  boundary,  or  form  a  closed  loop  (Figure  A-15).  It  is  also  a  geo¬ 
metric  requirement  that  the  termination  of  an  edge  dislocation  generates  a  screw  disloca¬ 
tion  and,  conversely,  that  the  termination  of  a  screw  dislocation  generates  an  edge  dis¬ 
location,  as  illustrated  in  Figure  A-l6.  The  components  of  a  dislocation  line  can  be 
correctly  thought  of  as  the  dislocation  in  the  edge  of  the  screw  orientation.  Both  edge  and 
screw  segments  can  be  of  two  types:  edge  segments  can  be  posU.ive  oj  _.3.t:lve,  depending 
on  whether  the  extra  row  of  atoms  is  above  or  below  the  slip  plane,  and  screw  segments 
can  be  clockwise  or  counter-clockwise.  The  dislocations  interact  'n  the  usual  manner; 
attraction  between  unlike  sighs  and  repulsion  between  like  signs. 

The  dislocation  line  or  loop  is  the  boundary  line  separating  the  slipped  from  the 
'onslipped  portion  of  the  slip  plane,  as  illustratv^d  in  Figure  A- 17.  T'--  ;  ba&ic  character¬ 

istic  of  the  dislocation  line  is  the  Burgers  vector  (b),  which  is  tne  vector  describing  th'' 
distance  and  direction  of  the  translation  in  a  unit  slip  process  of  the  plane  of  c  ..omo  above 
the  slip. plane  across  the  ple.r.o  bniow  the  slip  plane.  The  movement  of  an  edge  d;,.  loca¬ 
tion  is  restricted  to  the  plane  and  direction  in  this  plane  that  gives  the  ^^malient  Burgers 
vector.  Slin  planes  and  slip  directions  can  be  rationalized  in  this  ma.-  ucr.  The  move  ■ 
merit  of  a  ,juce  screw  dr  -  V.-catior.  has  no  particular  georr.etric  limitations.  The  Burgers 
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FIGURE  A.  16.  CHANGE  OP  SCREW 
ORIENTATION  TO  EDGE  DISLOCATION. 
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FIGURE  A.17.  THE  DISLOCATION 
LINE  AS  THE  BOUNDARY  BETWEEN 
THE  SLIPPED  AND  UHSLIPPED 
PORTION  OF  THE  SLIP  PLANE 


vector  is  the  same  at  every  point  on  a  dislocation  line  or  loop.  The  force,  per  unit 
length  of  dislocation,  is  given  by 


F=Tb  ,  (A-15) 


where 


T  is  the  shear  stress  on  rho  slip  plane,  and 
u  is  the  strength  of  the  dislocation. 

That  only  a  s.i'call  force  is  necessary  to  move  a  dislocation  can  be  understood  from  ex¬ 
amination  of  the  atomic  arrangement  of  an  edge  dislocation.  It  is  evident  that  corre¬ 
sponding  atoms  on  each  side  of  the  extra  row  of  atoms  have  restoring  forces  of  opposite 
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sign,  essontially  cancelling  each  other  or*'.  This  allows  the  atomic  dlsreglstry  to  pass 
through  the  crystal  at  low  stresses.  The  Burgers  vector  ot'  dislocations  determines  the 
energy  oi  these  defects  and  also  the  strength  of  Interactions  amcng  thorn, 

A  sltxiple  viewpoint  or  the  hardening  of  metals  oy  plastic  straining  (strain  harden¬ 
ing)  was  introduced  by  G.  1,  Taylor(^)  in  terms  of  a  concept  of  a  super-lattice  of  dlslora- 
tions  having  like  and  unlike  signs.  The  greater  the  density  of  dislocations,  *he  stronger 
the  Interaction  between  them  and  the  ^treater  the  resistance  to  plastic  flow.  The  strain 
hardening  of  metals  thus  requires  the  generation  of  new  dislocations,  and  the  softening 
of  a  metal  requires  the  reduction  of  the  dislocation  density. 

New  dislocations  are  generated  by  surface  sources,  internal  sources  such  as  inclu¬ 
sions,  and  the  Frank-Read  source,  which  is  a  specific  type  of  internal  source.  The 
Frank-Read  source  pictured  in  Figure  A-ld  will  be  described,  since  it  is  the  most  widely 
recognized  type  of  source.  Segment  A-B  represents  a  pinned  segment  of  a  dislocation 
subjected  to  force  .F.  The  force  causes  the  segment  to  bow  out  to  the  last  stable  posi¬ 
tion  (2),  at  which  point  it  loops  around  the  pinning  Points  A  and  B  and  Joins  in  position 
(5)  at  Point  C.  The  loop  moves  off  and  the  remaining  segment  returns  to  position  A-B. 
Each  source  can  generate  many  loops  on  being  activated.  The  loops  may  pile  up  at  an 
obstacle  and  exert  a  back  stress  which  eventually  stops  the  operation  of  the  source,  as 
shown  in  Figure  A- 19.  This  concept  differs  from  the  simple  one  suggested  by  G.  I, 
Taylor. 
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In  summary,  the  hardening  of  metals  by  plastic  straining  requi  oa  an  increase  in 
the  densi'.y  ot  dislocat’o-nx,  and  the  softening  requires  r.  decrease  in  the  dislocation 
density.  He.-luctlon  of  ciislocation  density  caw  occur  by  annihilation  of  unllhe-sign  disloca¬ 
tion  pairs,  by  dissipation  at  a  free  surface,  and  presumably  by  disappearance  baclt  into 
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cV\n  source.  The  theoretical  strength  is  e.-tpected  if  the  dislocation  density  goes  to  zero 
the  observed  lange  of  dislocation  densities  io  from  10^  to  iO^^  lines  per  square 
centimeter. 

Dislocation  theory  has  been  used  tv  rrtionaliase  many  flow  and  fracture  phenomena 
in  metals  including  the  following:  slip,  twinning,  Idnkmg,  deformation  bands,  formation 
of  stacking  faults,  cross  slip,  interface  structures,  strain  hardening,  polygonization, 
recovery,  strain  aging,  the  yield  point,  delay  time,  strain-rate  sensitivity,  embrittle¬ 
ment  of  body-centered  cubic  metals  with  reduction  of  temperature,  creep,  frjcture  ini¬ 
tiation,  and  fatigue  initiation. 


DEFORMATION  PROCESSES  IN  METALS 

Plastic  deformation  occurs  in  .  tals  by  several  mechanisms.  It  is  convenient  to 
discuss  deformation  in  terms  of  two  temperature  ranges;  (a)  temperatures  below  Tm/£, 
where  Tm  is  the  melting  .•r  int  in  degrees  Kelvin,  and  (b)  temperatures  above  Tm/2. 
Range  (a)  is  usually  referred  to  as  the  low-temperature  range,  and  Range  (b)  as  the 
high-temperature  range.  This  temperature  division  has  a  physical  basis,  since  self¬ 
diffusion  rates  become  appreciable  at  Tm/Z,  which  corresponds  roughly  with  the  tem¬ 
perature  above  which  cold-worked  metals  are  softened  by  recovery  and  recrystalliza- 
tlon.  Plastic  deformation  in  this  high-temperature  range  is  referred  to  as  "hot  working" 
since  softening  keeps  up  wiih  strain  hardening  and  no  residual  hardening  persists.  An¬ 
other  importd-it  distinction  is  that  metals  and  alloys  deform  continuously  with  elapsed 
time  in  the  high-temperature  range  at  nominal  loads,  a  process  relsrred  to  as  "creep". 
The  high-temperature  range,  therefore,  la  also  referred  to  as  the  "creep  range". 


Deformation  Mechanisms  In  the  Low<Temperatwre  Range 


The  deformation  mechanisms  in  the  low-temperature  range  (T  <  Tm/2)  include 
slip,  twinning,  deformation  bands,  and  kinking.  Slip  and  twinning  are  the  most  important 
modes  of  deformation  and  account  largely  for  the  plastic  strain  that  is  generated  before 
fracture.  Kinking  is  of  minor  in  jortanco  in  the  deformation  of  polycrystalline  metals 
and  will  not  be  ^iscussed  here. 


Slip.  Deformation  by  slip  can  be  said  to  take  place  by  the  movement  of  lamullae  of 
the  crystals  over  each  other,  much  like  the  shearing  nf  a  deck  of  playing  cards.  The 
elements  of  the  slip  process  for  a  single  crystal  are  illustiated  in  Figure  A^iO.  THe  slip 


FIGURE  A-20.  SUP  SYSTEM  POP  A  SINGLE 
CRYSTAL 
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translation  takes  place  on  a  definite  slip  plane  in  a  definite  ctystallogriphic  direction, 
the  combination  oi  these  two  elements  constituting  a  slip  system.  The  slip  systems 
operative  in  the  common  crystal  systems  in  metals  are  listed  in  Table  A-1.  It  is  to  be 
noted  that,  although  several  slip  plan'  may  be  available  in  a  given  crystal  structure, 
the  slip  direction  remains  the  same.  Nuw  slip  systet.is  may  be  introduced  at  elevated 
temperatures,  but  the  slip  direction  remains  Invariant.  The  slip  planes  for  the  three 
most  common  crystal  structures  are  illustrated  in  Figure  A-21, 
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The  translation  associated  with  slip  causes  the  portion  of  tli2  crystal  above  th  j  slip 
plane  to  be  displacod  rigidly  across  the  lower  portion,  as  -hown  in  Figure  A-Zi.  A  unit 
slip  gives  rise  to  a  displacement  of  one  interatomic  distance.  It.  terms  of  dislocation 
theory,  thie  displacement  results  who  a  dislocation  line  or  loop  reaches  a  free  surface. 
Multiple  displacements  on  a  slip  plane  produce  si. displacements,  which  enables 
slip  lines  to  be  seen  with  an  optical  microscope  on  previously  polished  surfaces.  On  re- 
pollshlng  of  the  surface,  the  discontinuity  is  removed  and  the  slip  lines  no  longer  can  be 
observed.  Slip-line  traces  can  be  s;  -aight  or  wavy,  dnpending  on  the  crystal  system. 
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RICURB  A-23.  DISPLACEMENT  OP  LATTICE  LAMELLAE  IN  THE  SLIP  PROCESS 


Twinning.  The  process  of  twinning  results  in  a  limited  amount  of  plastic  deforma¬ 
tion,  but  is  particularly  important  in  hexagonal  close-packed  crystals  wliich  normally 
slip  only  on  the  basal  plans.  Twinning  can  be  said  to  result  when  a  lamella  within  a 
crystal  takas  up  a  new  orientation  related  to  the  rest  of  the  crystal  In  a  definite  sym¬ 
metrical  fashion  (see  Figure  A'23).  The  twin,  thus,  is  a  segment  that  has  undergone  a 
reorientation  with  respect  to  the  parent  crystal  without  change  in  crystal  structure.  The 
lattice  within  the  twinned  port,  m  is  a  mirror  image  of  the  rest  of  fhe  crystal.  The  plane 
separating  the  twin  from  the  matrix  is  called  the  twinning  plane.  An  axis  perpendicular 
to  the  twinning  plane  Is  called  the  twinning  axis.  The  twinning  direction  is  the  glide  di¬ 
rection  in  the  twinning  plane  of  the  atoms  involved  in  the  twinning  process.  The  sym¬ 
metrical  relationship  of  a  twin  lamel'a  and  the  matrix  can  be  described  as  a  rotation  of 
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ti;e  lamelld  tlircagh  180'  about  th^;  twinning  axis.  It  is  not  to  be  infcrrod  that  tbs  atomic 
motion  produces  a  twin.  The  atoms  actually  unaergo  some  specific  shsaring  translation 
over  distances  less  than  the  interatomic  spacing.  The  twin  is  described  c ry staliograpbi- 
cally  by  the  twinning  plane  and  twinning  di-  ction. 

The  crystallography  of  twinning  is  illustrated  in  Figure  A-24.  It  should  be  noted 
that  the  distance  an  atom  in  the  twin  lamella  moves  is  proportional  to  the  distan,.?,  from 
the  twinning  plane.  The  twinning  process  .roduces  a  disregistry  on  the  free  surface.  On 
repoiishing,  the  disregistry  is  removed  but  the  twin  can  be  discerned  on  etching  because 
a  permanent,  specific  reorientation  of  the  lattice  has  occurred.  The  deformation  that 
accompanies  tvinning  leads  to  intense  local  stress  in  polycrystalline  materials.  The 
formation  of  a  tv.'in  will  be  accompanied  by  slip-line  l_.niation  in  adjacent  regions  and 
may  trigger  the  nucleation  of  twins  in  an  adjoining  grain.  The  regions  at  twin  boundaries 
are  i?,vored  positions  for  nucleation  of  recryatallization. 


I  BtFORE  TWIWNINO  |  |  AFTER  TWINNIN6  |  |  AFTER  REPOLISHINC  | 


FIGURE  A-24.  CRYSTALLOGRAPHIC  ASPECTS  OF  TWINNING 


There  arc  two  classifications  of  twins  according  to  the  mode  of  formation,  namely 
(a)  deformation  twins  and  (b)  annealing  twins.  Deformation  twins  are  those  which  develop 
as  the  result  of  mechanical  loading.  They  form  very  rapidly  and  are  usually  thin  lamel¬ 
lae  within  a  grain.  Their  formation  is  favored  by  increasing  the  strain  rate  and  by  lower¬ 
ing  the  temperature,  both  of  which  mitigate  against  the  slip  process.  Mechanical  twinning 
occurs  in  body-centered  cubic  and  close-packed  hexagonal  mptale.  The  cr-°*allography 


of  these  twins  is  summarized  below: 

-  Crystal  system 

Twinning;  plane 

Twinnin;?  direction 

Body-centered  cubic 

(112) 

[111] 

Close -packed  hexagonal 

(loTb) 

[10^>] 

Face -centered  cubic  metals  normally  do  not  form,  deforma.tion  twins.  They  '.o, 
however,  form  twins  on  annealing  after  plastic  straiai-ig,  which  accordingl/  are  cailr  . 
annealing  twins.  They  .are  believed  to  form  concomitantly  with  grain  grown  because 
the  t.'.i!!  .irientaiio.i  can  give  a  lower  grain- boundary  energy.  Annealing  t\  -■v-  are  gen¬ 
erally  much  bivjav.sr  than  detu^mation  twins.  The  twinning  plane  is  (111)  and  the  twin¬ 
ning  direction  is  [112]  for  face-centered  cubic  mcvals. 
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Deformation  Bands.  Many  face-centered  cubic  metals  and  some  body -centered 
cubic  metals  form  bands  on  plastic  deformation  that  resemble  twins.  The  deformation 
bands  differ  from  twin  bands  in  that  the  orientation  difference  in  a  deformation  band 
varies  with  the  amount  of  straining,  w'  reas  the  twin  Immediately  takes  up  a  fixed- 
orientation  .  olationship  with  respect  to  the  matrix.  grain  begins  to  slio  on  a  particular 
slip  system.  Eventually  a  band  within  a  crystal  prefers  to  slip  on  a  different  system. 

This  event  causes  the  band  to  rotate  with  respect  to  the  grain  and  an  orientai.ion  differ¬ 
ence  is  produced  which  increases  with  increasing  strain  (see  Figure  A-25).  The  forma¬ 
tion  oi  deformation  bands  creates  new  interfaces  which  can  offer  resistance  to  slip  and 
thereby  harden  the  metal  to  a  minor  extent. 


CRAIN 


FIGURE  A-25.  FORMATION  OF  A 
DEFORMATION  BAND 


Dtformatlsn  Mschanitms  in  the  High-Tsmptralurt  ftcing* 

The  high-temperature  range  was  defined  previously  as  the  range  Tm/2  to  Tm, 
where  Tm  Is  the  melting  point  in  degrees  Kelvin.  The  temperature  Tm/2  has  been 
named  the  "equi-cohesive"  temperature,  below  which  the  grain  boundaries  are  more 
resistant  to  deformation  by  grain-boundary  sliding  than  to  slip  inside  the  grain;  the 
converse  is  true  above  this  tart.pe.ature. 

Perhaps  the  most  significant  factor  at  Tm/2  and  higher  temperatures  is  that  the 
rate  of  self-diffusion  in  metals  becomes  significant.  This  atomic  movement  takes  place 
by  exchange  of  atoms  with  vacancies.  The  exchange  makes  possible  the  phenomenon  of 
"climb"  of  dislocations  out  of  their  slip  planes,  as  illustrated  in  Figure  A-26.  Each  ex¬ 
change  process  lifts  the  dis.  cation  one  interatomic  distance  out  of  th»  -'-n  plane.  This 
climb  process  allows  dislocations  to  climb  over  obstacles  and  to  recover  from  strain 
hardening.  The  rate  of  recovery  increases  with  rising  temperature  because  the  rate  of 
self -diffusion  increases  according  to  the  well-known  Arrhenius -type  equation, 

D  e  (A-16/ 


where 


D  is  the  coefficient  of  . Self  diffuBlon 
Dq  is  a  ccastant 
Q  is  the  -ctivation  energy 


R  is  the  oiiversai  gas  const. .at 

T  is  the  tempera  01  e  in 
degrees  Kelvin, 
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FIGURE  A-26.  CONCEPT  OF  CLIMB  OF  A  DISLOCATION  GUT  OF  THE  SLIP  PLANE 


The  processes  occurring  in  the  high-temperature  range  can  be  summarized  as 
follows ; 

(a)  Breakdown  of  grains  into  subgrains  through  dislocation  climb 

(b)  Grain-boundary  shearing  and  grain-boundary  migration 

(c)  .Fine  slip,  difficult  to  resolve  by  ordinary  optical -microscopy  techniques. 


MACROSCOPIC  DEFORMATION 


The  specific  microecopic  elements  in  the  deformation  of  metals  have  been  reviewed. 
The  macroscopic  manifestations  of  plastic  flow  In  metals  will  be  examined  next. 


Dtformalion  of  Single  Crystals 

It  has  been  well  established  experimentally  that  deformation  by  slip  begins  when 
the  resolved  shear  stress  on  the  slip  plane  in  the  slip  direction  reaches  a  critical  value, 
r^.  The  critical  resolved  shear  stress  is  a  function  of  alloy  content,  temperature,  prior 
strain,  grain  size,  and  strain  rate.  Each  slip  system  has  a  characteristic  critical  re¬ 
solved  shear  stress.  The  resolved  shear  stress,  depicted  in  Figure  A-2V,  i*’  given  by 

s  F/A  cos  X  cos  <p  .  (A-17) 

The  condition  for  onset  of  slip  is  determined  by  the  condition 

Tj.  =  Tc  ,  (A-18) 

where  Tq  is  the  critical  resolved  shear  stress.  'For  brittle  materials  (e.g, ,  NaC'«,  Bi, 
Te,  Zn),  Sohnke's  law  is  obeyed  ■.•c«sonabiy  well  in  predicting  the  of  cleavage  i  ac- 

ture.  It  states  that  cleavage  fracture  will  occur  when  the  resolved  normal  ~  t'p'r 

reaches  a  criti'-.sl  value.  The  resolved  normal  stress  is  elven  by 

a  F/A  COJ^  'P 


(A- 19) 
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FIGURE  A-27.  THE  RESOLVED  SHEAR  STRESS 
IN  A  SINGLE  CRYSTAL  IN  SIMPLE  TENSION 


The  critical  condition  for  cleavage  fracture  la  given  aa 

•  (A-20) 

Sohnke'e  law  la  not  applicable  to  materlala  which  exhibit  aigniflr.ant  capacity  for  plaatic 
deformation. 

It  was  previously  stated  that  real  solida  contain  viscous  elements  and  that  pure 
elastic  response  is  expected  only  at  absolute  aero  temperature  and  at  zero  load.  The 
critical  resolved  shear  stress  is  correctly  interpreted  as  the  shear  stress  at  which  the 
plastic  strain  rate  becomes  appreciable  and  easily  detectable.  In  terms  of  the  dislocation 
theory,  the  critical  resolved  shear  stress,  T(^,  it  usually  interpreted  as  th«  stress  at 
which  dislocation  sources  are  activated. 

Rotation  in  .Slip.  An  important  crystallographic  feature  of  slip  in  metals  is  the 
crystal  rotation  accompanying  this  deformation  mode.  The  slip  plane  rotates  into  the 
direction  of  the  applied  force  in  the  case  of  tensile  loading.  In  compressive  loading,  the 
rotation  tends  to  orient  the  slip  plane  normal  to  the  direction  of  the  applied  load.  These 
rotations  are  thought  to  be  the  basis  of  preferred  orientations  or  "textures"  in  the  plastic 
deformation  of  polycrystalline  metals.  These  deformation  textures  ;  ■  rise  to  a  "crys¬ 

tallographic"' anisotropy  of  properties  in  metals  in  which  the  single  crystal  shows  aniso¬ 
tropy.  (The  value  of  the  property  depends  on  the  direction  of  testing. )  A  random  texture 
is  one  in  which  every  orientation  in  apace  has  equal  probability  of  occurreni  --  as  to 
other  orientations.  When  such  a  polycrystalline  aggregate  is  tested  for  a  particular 
property,  it  appears  to  be  isotropic  because  a  statistical  averaging  out  of  the  property 
occurs. 

The  rotation  of  a  crystal  in  the  process  of  slip  is  demonstrated  graph;  'ally  in 
Figure  A-28.  For  mathem?tical  convenience,  the  glide  plane  ia  assumed  to  re?  ain 
sta^'lonary,  and  the  specimen  axis  to  rotate.  The  specimen  has  lengv'.  and 

length  £j.  alter  deformation. 


GLIDE 

PLANE 


FIGURE  A-28.  ROTATIOK  OF  A  CRYSTAL  AS  A  RESULT  OF  THE  SLtr  PROCESS 


In  pure  shear,  each  point  PqUoj  Vot  ®o)  transformed  to  P^lx;,  yj,  zj)  by  gliding 
parallel  to  the  Y-axis.  In  homogeneous  shear,  the  displacement  is  pi^oportional  t->  the 
vertical  distance  of  Pq  from  the  glide  plane,  leaving  X-  and  Z-coordinates  unchanged. 


xi  =Xo 

Vl  “  Vo  +  ®oS)  - 
=  *o 


(A-21) 


Since 


j  2  2  ,  2  ^  2 

^o  =  ^o  +  >o  +  ®o 
Vo  =  ^o  cos  Xq 


®o  ”  ■^o  Xo  > 


it  follows  that 


il^  xi^  +  yi^  +  z^  Xq^  +  'fj'  +  2yf,7,  S  +  +  Zq 


=  P,  + 


+  Yo  +  *c 


2SyoZohS^Zo‘ 


+  Yo  + 


=  i  +  2S  cos  Xq  sin  Xo  +  Xc 


(A-?,?! 


This  equation  enables  one  to  calculate  the  r.mount  of  shear,  S,  from  the  extension 
in  tension  if  the  orientation  of  the  crystal  is  known: 


I 
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fcw  that 


e  =  tlHo 


slnyp  _  sinXo 
inxi  “  sii'.Xi 


The  angles  Xo  fixed  by  tbe  original  orientation.  As  e  increases,  it. fol¬ 

lows  that  Xi  Xj  must  decrease.  Thua,  the  orientation  of  the  crystal  change?  during 
extension  so  that  the  glide  plane  and  glide  <.  Erection  approach  the  specimtiu  axis. 


Twinning.  The  deformation  strains  resulting  from  twinning  in  a  crystal  are  repre¬ 
sented  in  Figure  A-  29.  The  configuration  before  straining  is  a  sphere  of  unit  radius. 
The  upper  half  of  the  sphere  is  then  distorted  by  a  process  of  uniform  shear  into  the 
ellipsoid  that  is  the  twinned  position  with  respect  to  the  louver  half.  The  ellipsoid  inter¬ 
sects  the  sphere  in  two  circles  in  which  the  dimensions  re'main  unchanged,  one  of  which 
is  the  composition  plane.  The  orientation  of  the  second  plane  is  related  to  amount  of 
shear,  S,  where.  ; 


S 


B 

unit  radius' 


or 


S  =  2  cot  Z<t) 


(A-26) 


The  composition  plane  is  and  the  uccond  undistorted  plane  is  K?' .  The  line 
through  the  center  of  the  sphere,  perpendicular  to  the  line  of  intersection  of  Kj  and  K?' 
is  the  shear  direction,  tjj,  and  the  plane  perpendicular  to  Ki  and  containing  rjl  ‘bo. 
plane  of  shear.  It  intersects  in  -  dircciicr  T)^.  K>  and  1)2,  or  i;2  ar.d  are  su:'  .- 
cient  to  determine  the  twinning. 
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The  theoretical  shearH  for  body ■  centered  and  face-cer.tered  metala  are  0.70V. 
The  theore'ical  shears  for  hexagonal  metis’s  depend  on  the  c/a  ratio.  Some  typical 
values  are  listed  bolow; 


Metal 

i./a 

Theoretical 
Shear  (S) 

Be 

1.568 

0.  199 

Ti 

1.  587 

t),  189 

Mg 

1.624 

0.  12? 

Zn 

1.856 

0.  139 

Cd 

1.886 

0.  171 

The  extension  in  the  crystal  resulting  from  twinning  is  given  by 

lltf,  * +  is  sinx  cosX  +  S2  sin^x  ,  (A-27) 

where  x  ^  angles  between  the  specimen  axis  and  the  plane  Kj  and  the  glide 

direction,  respectively,  in  the  undeformed  crystal.  The  total  extension  resulting 
from  twinning  is  small.  For  example,  if  a  sine  crystal  were  entirely  converted  to  a  twin, 
the  maximum  elongation  that  would  result  would  be  7.  39  per  -cent.  Twinning,  however, 
can  make  an  important  contribution  to  the  capacity  for  deformation  in  metals  that  have  but 
one  slip  system,  euch  as  hexagonal  metals.  Twinning  results  in  putting  a  part  cf  the 
crystal  in  a  new  orientation  which  can  be  in  a  more  favorable  position  for  slip. 


Deformation  of  Polycrystals  -  " 

Most  technologically  important  metals  and  alloys  are  fabricated  and'used  in  service 
as  "polycrystalline  aggregates",  meaning  that  they  are  composed  of  a  large  niunber  of 
"grains"  or  single  crystals,  each  oriented  differently  in  space  relative  to  its  neighboring 
grains.  An  extraordinary  characteristic  of  such  an  aggregate  of  crystals  is  that  it  can 
be  plastically  deformed  to  a  large  degree  and  still  maintain  coherency  among  tho  grrir.s. 

Each  grain  has  several  faces  bounded  by  a  variable  number  of  sides.  The  junctiou 
of  three  grains  forme  an  edge.  Plateau's  rule  states  that  four  grain  edges  must  be  in  a 
tetrahedral  configuration,  making  angles  of  109' 28'.  If  the  grain-boundary  inter.facial 
tension  is  equal  throughout,  dihedral  angles  of  120'  should  be  established.  The  dihedral 
angle  is  the  angle  made  by  two  grain  faces  on  a  reference  plane  normal  to  the  edge. 

An  isolated  crystal  assumes  a  shape  that  minimizes  its  surface  energy.  A  crys¬ 
tal  in  a  polycrystalline  aggregate  muat  fit  perfocUy  into  the  hole  formed  by  itr  neighbors, 
while  minimizing  its  interfacial  energy.  Thus,  its  shape  must  s'ltisfy  the 
requirement  along  with  minimization  of  interfacial  tension,  A  crystal  shape  which  meets 
these  criteria  is  Kelvin' s  tetrakaidecahedron  of  minimum  area,  which  has  tight  hexagonal 
and  six  square  faces.  Real  metals,  however,  are  found  not  to  have  this  shape,  presuma¬ 
bly  because  the  interfacial  tensions  are  not  eqvial  with  varying  orientations  of  adjoininn' 
grains.  Measurements  on  alloys  show  the  niunber  of  sides  p  sr  grain  face  v.  .iv-MS  from  ^ 

3  to  8,  the  most  frequently  occurring  fa.ee  having  5  sides  (peiitagoiial  shapie)  b...vlth(l't/ 
gives  the  following  relationship  for  polycrystalline  aggregates; 


C-E+F-B=l 


(A-28) 
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'vhere 


C  is  number  of  corners 

E  Is  the  number  of  edges 

F  Is  the  number  of  faces 

B  is  the  number  of  grains. 

From  this  expression,  Smith  predicts  that  the  averaq-  number  of  sides  per  face  should 
be  5-1/7. 

McLean^^^)  states  that,  in  the  cold-worWng  range,  tlie  m  influence  of  grain 
boundaries  is  to  increase  the  rate  of  strain  hardening.  The  twr  vmportant  factors  are 
that  (a)  the  grain  boundaries  hinder  slip  and  (b)  the  deformation  within  each  grain  is  more 
complex  than  in  an  Isolated  single  crystal.  Polycrystalline  metals  are  harder  than  iso¬ 
lated  crystals  because  each  crystal  in  the  aggregate  must  deform  in  a  complicated  way  in 
order  to  maintain  coherency  with  its  neighbors.  The  exact  way  in  which  a  given  grain 
accommodates  to  the  deformation,  change  in  shape,  and  rotation  of  its  nc;ghbor8  is  not 
fully  understood.  Physical  observations  indicate  that  deformation  is  heterogeneously 
distributed  within  a  grain.  It  seems  reasonable  that  strain  must  be  continuous  across  a 
grain  boundary.  Preferred  orientations  are  generated  by  plastic  deformation,  indicating 
that  grains  rotate  witli  respect  to  their  neighbors. 

The  strength  of  polycrystals  has  been  studied  in  several  ways.  Sachs^^^)  treats 
the  problem  as  equivalent  to  loading  a  single  crystal  in  a  direction  given  by  the  average 
orientation  of  the  grains  in  the  polycrystal.  The  yield  stress,  T,  is  given  by 

T  =  MqT  ,  (A-29) 

where  T  is  the  critical  resolved  r^ear  stress  for  the  single  crystal  and  Mq  >  2.238,  the 
orientation  factor  for  a  random  orientation.  Taylor(^)  assumes  that  .each  grain  undergoes 
essentially  the  same  strain  as  the  aggregate.  An  arbitrary  change  of  shape  of  this  type  ' 
while  a  grain  maintains  coherency  with  its  neighbors  requires  five  operative  slip  planes. 
Taylor  gives  the  expression  for  the  yield  stress,  T,  as  the  following  function  of  the  criti¬ 
cal  resolved  shear  stress  for  the  single  crystal: 

T  c  MT  ,  (A-30) 

where  M  is  an  accommodation  factor  equal  to  3.  06  and  T  is  the  critic'-l  resolved  rhear 
stress  for  a  single  crystal.  Kochendorfer^^^l  considers  the  strength  mode  up  of  tv.o 
components,  the  strength  of  each  grain  treated  as  an  Isolated  grain,  and  the  hardening 
from  stresses  near  grain  boundaries  arising  from  the  necessity  of  keeping  contact.  This 
second  contribution  is  thought  to  be  of  minor  importance  in  metals  with  •r’any  slip  sys¬ 
tems,  but  of  major  importance  in  metals  with  few  slip  systems. 

Armstrong^ states  that  vv.o  "siae  effects"  should  be  con:iidered  in  polvcrys',  ..Is; 
namelv  the  "specimen  sizv  "  effect  and  a  "grain  size"  effect.  These  two  vii  -ct.),  wn.c.h 
must  be  diffe;  cutiated,  make  additive  contributions  to  streu^jthening. 

As  tlie  number  of  grains  in  the  section  is  increased,  starting  with  a  single  crystal, 
the  specimen-tize  effect  is  first  to  contribute  to  strengthening.  This  is  due  mainly  to 
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the  orientation  dependence  of  I'rystal  plastic  flow.  The  following  factors  prevail;  (a)  the 
critical  resolved  shear  stress  must  be  achieved  on  the  slip  systems  of  all  the  grains 
contributing  to  bulk  plastic  flow  and  (b)  the  choice  of  slip  systen-io  in  adjacent  grains  is 
affected  by  the  relative  orientation  c  the  grains  to  each  other,  as  well  as  to  the  applied 
stress,  because  strain  continuity  must  be  maint?  ined  at  grain  boundaries.  This  effect  is 
independe.it  of  grain  size. 

The  grain-size  effect  comes  i.  r.o  play  when  the  number  of  grains  in  the  cross  sec¬ 
tion  is  about  20  or  more.  Under  thi)S.e  conditions,  grain  boundaries  offer  additional  con¬ 
straint  to  initiation  and  propagation  nl  flip.  The  grain-size  factor  offers  a  barrier  to 
flow  which  is  proportional  to  the  grain  size  but  independent  of  grain  orientation.  The 
combined  effect  of  the  two  constraints  is  given  by 

T  =  :vlT+Mk,i-l'2 -  ^ 


where 


T  «  shear  stress  for  flow 


Mks£ 


MT 

-1/2 


strength  from  specimen  size 

strength  from  grain-boundary  barriers 
(kg  ic  a  constant,  t  *  grain  size). 


Armstrong's  argument  is  summarized  in  Figure  A-30, 


FIGURE  A-30.  FACE-CENTERED  CUBIC  POLfCRVSTAL  FLOW  STREft  A'>  FUNCTION 
OF  CRAIN  SIZE 
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TENSILE  DEFORMATION 


I>et  us  now  consider  the  response  of  'Olycrystslline  aggregates  to  loads.  Metals 
and  alloys  are  <Tenerally  fabricated  and  put  Into  servlet  ar  an  aggregate  of  many  crystals 
ranging  In  size  from  20  to  250  microns  (1  micron  •  10'^  cm).  When  the  individual 
grains,  or  crystals,  are  randomly  oriented  in  space,  a  statistical  "averaging  oiU"  of  any 
property  which  is  anisotropic  in  the  sing^  crystal  is  found  when  the  agjrregate  is  tested 
in  any  direction.  This  is  why  an  aggregate  simulates  the  classical  homogeneous,  iso¬ 
tropic  body  usually  assumed  in  classical  elasticity  and  plasticity.  When  a  significant 
number  of  grains  are  aligned  with  a  particular  orientation  in  space,  the  anisotropy  or 
directionality  so  developed  must  be  taken  into  accounv. 

The  tensile  test  is  one  of  the  moat  useful  quantitative  tests  of  metals  available  in 
the  laboratory.  The  test  measures  fundamental  properties  describing  elastic  response, 
flow  characteristics,  and  onset  of  fracture.  The  bpecific  properties  obtained  are  the 
modulus  of  elasticity  (stiffness),  the  flow  stress  (onset  of  plastic  flow),  the  rate  of  strain 
hardening,  and  the  fracture  stress. 

The  two  basic  types  of  stress-strain  curves  encountered  in  torsile  testing  are  the 
"engineer's  diagram"  illustratad  in  Figure  A-31  for  ductile  metals  and  alloys  which  neck 
down  prior  to  fracture. 


LOCAl.lZtO 


LOCALIZCD 


(o)  WITH  A  YIELD-POINT 

\ 


(b)  WITH  GRADUAL  TRANSITION 
TO  PLASTIC  RANGE 


FIGURE  A-31.  TWO  BASIC  TYPES  OF  ENGINEER'S  STRESS-STRAIN  DIAGRAMS 
FOR  METALS  AND  ALLOYS  iN  TENSION 


For  this  type  of  plot,  the  ati'*>.is  is  calculated  as  the  load  divided  oy  th-*  nririn?; 
cross-sentional  area  (a  ~  F/Aq)  and  the  strain  as  the  extension  divided  by  vht  riiginal 
gage  length  (e  «  Neither  the  cross-sectional  area  ’^ov  the  gage  le.  ?.t“  remain 

constant,  and  ihe  plot  is  act  *’iy  one  ot  load  versus  extension  divided  by  appropriate  con¬ 
stants.  Such  a  diagram  is  more  accurately  interpreted  as  a  load -extension  diagram. 

The  maximum  lead  point  represents  a  condition  of  load  instability  for  the  particular 


It  ly  found  empirically,  for  many  metalc  ’nd  alloys,  that  the  flow  curve  (from  the 
flow  stress  to  the  fracture  stress)  can  be  expressed  by  the  relationship 

o  ^K6*'  ,  (A-32) 


.where 


a  Is  the  true  stress 
K  is  the  strength  coefficient 
6  is  the  true  strain 
n  is  the  strain-hardening  exponent. 

Thus,  a  plot  of  the  logai'ith~>^  of  the  stress  versus  the  logarithm  of  the  strain  will  yield  a 
straight  line,  if  a  correction  is  made  for  the  stress  resulting  from  the  triaxial  state  of 
stress  that  accompaiU.es  the  phenomenon  of  necking.  Another  interesting  feature  of  the 
flow  curve  is  that  the  true  strain  at  the  maximum  load  point  is  equal  to  the  strain  ¬ 
hardening  exponent  (^MLiP  "  ^)‘  strain-hardening  exponent  thus  gives  the  magnitude 

of  the  uniform  deformation  in  tension  before  necking  or  instability  sets  in. 

The  rate  of  strain  hardening  at  any  value  of  the  strain  is  given  by  differentiation  of 
Equation  (A-32): 


dd 


m  Knd”'^ 


(A-33) 


Verisblss  influencing  the  Flew  Curve 

The  properties  of  the  flow  curve  (flov'  stress,  strain-hardening  characterislics, 
and  fracture  stress)  depend  on  the  following  variables:  (a)  metallurgical  structure, 

'  (b)  prior  strain  history, '(c)  state  of  stress,  (d)  strain  rate,  and  (e)  temperature.  The 
effect  of  some  of  these  variables  will  be  discussed  here  briefly;  variables  (a)  and  (b)  will 
be  discussed  later.  In  general,  these  variables  influence  the  flow  stress  more  than,  the  . 
fracture  stress. 

State  of  Stress.  The  state  of  stress  is  defined  as  the  direction  and  maanltude  of 
the  components  of  stress  at  a  point  in  a  body  under  load.  If  one  considers  an  infinitesimal 
cube  at  this  point,  all  the  forces  acting  on  the  cube  can  be  resolved  on  any  of  its  faces  as 
One  normal  and  two  shear  stresses,  yieldinc;  IS  oompouente  of  stress.  These  can  be  re¬ 
duced  to  three  normal  and  three  shear  stresses.  The  cube,  however,  can  be  rotated  into 
a  unique  orientation  in  which  (1)  the  three  normal  stresses  are  maximized  and  (.?.)  the 
shear  stresses  on  the  faces  of  the  cube  go  to  zero.  T>ie  cube  axes  are  now  in  the  princi¬ 
pal  triaxial  directions  and  the  normal  stresses  arc  called  the  principal  normal  stresses 
Oi,  02,  ^3  >  02  >  03  in  the  algebraic  sense).  The  state  of  stress  is  usually  '.iv'^rossed 

in  terms  of  the  principal  normal  stresses.  The  stresses  of  particulrLr  interest  arvi  .  ,, 

the  maximum  normal  tensile  stress,  and  "^nax  “  t  maximum  sh.'av  s-rreps. 

The  normal  st  e.-je  can  lead  to  cleavage  fracture  and  the  shear  stress  cai.  lead  to  plastic 
^low.  The  stij.te  of  rstress  is.  often  referred  to  in  terms  of  the  ratio  amax/%iax  • 
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Liankiord,  Low,  and  Geniameri^®)  ^drived  expresitions  for  the  flow  in  biaxial  and 
triaxial  tension  In  terms  of  the  flow  stress  In  simple  tension.  For  biaxial  stress  states, 
they  obtain 

(A-34) 

a  ^  is  the  maximum  principal  normal  stress 
K  is  the  strength  coefficient 
dj  lo  the  maximum  principal  normal  strain 
n  is  the  strain*. '-,irdoning  exponent 
a  Is  the  stress  ratio  a2,lci\  (03  ■  0)  . 


Oj  ■  K6j 


(a^  -  a  +  i)‘""/2 


(2  -  a)" 


where 


For  triaxlal  stress  states,  the  expression  becomes 


01  » 


(a^  +  .  a/3  -  a  -  p  +  1 ) 


l'-n/2 


(2  -  a  -  /S>" 


(A-35) 


where  /3  is  the  stress  ratio  03/01. 

The  effect  of  the  state  of  stress  on  the  flow  curve  is  illustrated  in  Figure  A-33  for 
several  states  of  stress.  Biaxial  states  raise  the  curve  to  a  modest  extent  but  not  suc¬ 
cessively  with  increasing  values  of  a.  In  t'laxial  tension,  tht>  flow  curve  is  significantly 


raised  and  the  plastic  flow  prior  to  fracture  is  significantly  decreased.  This  accounts 
for  the  typical  effect  of  a  notch,  which  sets  up  a  triaxia).  stress  state. 

Strain  Ra*:e.  It  is  generally  known  that  increasing  the  strain  rate  or  rate  of  loading 
raises  the  flow  stress  and  the  flow  curve.  This  mode  of  decreasing  the  capacity  for 
plastic  flow  is  not  so  effective,  however,  as  introducing  a  triaxia!  te.nsion  state  of  stress 
or  lowering  the  temperature.  The  flow  i  'rve  is  raised  some  15  to  30  per  cent  to.*  most 
metals  and  alloys  below  their  reorystalli7.ation  temperature,  and  somewhat  less  than  this 
at  lower  temperatures.  Zener  and  Ilollomon^^^)  determined  experimentally  that  the 
logarithm  of  the  stress  to  produce  a  given  amount  of  plastic  strain  is  linearly  related 
to  the  logarithm  of  the  strain  rate: 


o 


c 
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where 


is  the  stress  required  to  give  ctrain 
K  and  n  are  temperature -dependent  constants 
de 

^  is  the  strain  rate. 


The  coefficient  n  usually  falle  rapidj^  with  temperature.  For  example,  n  for  copper  is 
0.  12  at  600  C  and  0.  01  at  -253 

It  is  important  to  note  another  effect  of  strain  rate  on  the  flow  stress.  The  relaxa¬ 
tion  of  stored  elastic  energy  through  the  process  of  plastic  flow  is  almost  entirely  mani¬ 
fested  as  sensible  heat.  If  the  strain  rate  is  sclflciently  high  that  the  heat  generated 
cannot  be  removed,  the  plastic  flow  takes  place  adlabatically,  with  a  sharp  temperature 
rise.  Because  the  rise  in  temper-’turc  lepd.i  to  a  decrease  in  flow  stress,  increasing  the 
strain  ra^e  may  not  produce  the  expected  increase  in  flow  strength. 

Temperature.  Lowering  the  temperature  is  an  effective  way  of  raising  the  flow 
curve.  For  metals  and  alloys  which  recrystalUze  above  ambient  temperature,  the  flow 
stress  and  flow  curve  can  be  raised  by  a  factor  of  two  by  lowering  the  temperature  from 
ambient  to  -253  C,  and  by  a  factor  of  four  for  metals  and  alloys  which  recrystallize  at 
ambient  temperature  (e.g, ,  lead),  (f®) 

Hollomon^^^),  from  an  analysis  of  a  considerable  amount  of  experimental  data, 
proposed  the  relationship 

,,  (A-37) 

where 

Og  IS'  the  stress  at  some  strain 
K  is  a  constant 
T  is  th<  absolute  temperaU\re 
K  is  the  ga?  constant 

to  predict  the  e.'foct  of  temperature  on  the  flow  curve. 


Q  is  a  parameter  dependli.  .i 
on  the  material  and 
perhaps  the  teniporature 
range, 
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Expressions  for  the  dependency  of  'r.,  the  critical  resolvad  shear  stress  for  the 
onset  of  plastic  flow,  on  temperature  for  metal  single  crystals  are  given  by  Orowan  and 
Meacham.  Orowan'^^),  using  a  dislocation  model  for  slip  and  tr.King  ii\to  account  the 
contribution  of  thermal  vibrations  of  le  lattice,  derives  the  relationship 

Tg»A-B/T  ,  (A-3e) 


where  A  and  B  are  constants  and  T  xir  absolute  temperature.  This  expression  was  found 
to  agree  with  the  behavior  of  zinc  and  cadmium  single  crystals  with  proper  choices  of 
A  and  B. 

Meacham^^^)  derived  an  equivalent  parabolic  expression 


(A-39) 


where 

Tq  is  the  critical  shear  stress  at  absolute  zero 
k  is  Boltzmann’ s  constant 

A^  is  the  thermal  energy  required  for  an  atom  to  cross  the  potential-energy 
barrier  to  form  a  dislocation 

is  a  proportionality  constant 

X  is  the  interatomic  spacing 

H  is  the  relative  strain  rate. 

Any  relationship  between  flow  stress  atid  temperature  requires  that,  in  the  tempera*  i  .<> 
range  considered,  no  reactions  occur  that  can  lead  to  a  change  in  metallurgical  structure, 
such  as  precipitation,  strain  aging,  and  recrystallization. 


Equivalence  of  Stroin  Rais  and  Tomporature 

It  has  been  recognized  for  some  time  that  increasing  the  rate  c. .  .  .raining  is  quali¬ 
tatively  equivalent  to  lowering  the  temperature,  with  respect  to  the  response  of  metals  to 
applied  loads.  Both  changes  are  found  to  raise  the  flow  curve  and  in  general  .educe  the 
capacity  for  plastic  flow  before  fracture.  Kolloiron  and  Zener'^^*  proposed  a  quanuU.-..- 
expression  of  this  equivalence  in  the  form 

p  «  (A-40) 

where 


p  is  a  parameter 

R  is  the  gas  constant 

e  i,.  the  strain  rr  '  ? 

T  is  the  absolute 

temperature. 

Q  is  the  activation  energy 
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The  flow  curve  will  be  identical  for  any  combination  of  strain  rate  and  temperature  that 
gives  the  same  value  of  the  parameter  p.  This  relationship  predicts  the  behaWor  of 
metals  reasonably  well,  provided  the  rang  of  temperature  or  strain  rate  is  not  too  large 
and  Q  can  be  taken  as  constant. 

Equation  (A-40)  permits  the  calcu).ation  of  a  strain  rate  that  is  equivalent  to  a  spe* 
cific  temperature  change,  as  follows 

or  (A-41) 

t  .  £,  • 

where  the  subscript  "r"  denotes  room-temperature  properties.  These  relationships  do 
not  nave  vmiversal  application  and  should  be  used  with  discretion. 


SIMPLIFIED  MODELS  OF  FLOW  AND  FRACTURE 

A  simple  qualitative  picture  of  conditions  of  flow  auid  fracture  of  metals  can  be 
baaed  on  two  strength  parauneters  of  the  material^  nam.qly,  T^,  the  critical  resolved 
shear  stress  for  plastic  flow,  anddc,  the  critical  normal  stress  . for  .fracture,  and  on 
two  stress  parameters  which  depend  on  the  manner  of  loading  (state  of  stress))  namely 

l  -  03 

a  1  a  dfnax »  ****  maximuminoimal  stress,  and  %tax  ■  "  2  ~  maximum  shear 

stress.  The  metal  will  show  ductile  behavior  if  T,nax  reaches  the  value  of  T,.  before  Omax 
reaches  the  critical  value  Oq,  *nd  brittle  behavior  if  the  converse  occurs.  Gensamer(23) 
has  depietbd  this  model  as  shown  in  Figure  A-31,  This  model  is  cver-simplifUd,  but  is 
a  useful  qualitative  argument  for  predicting  the  expected  degree  of  ductility  for  a  par¬ 
ticular  set  of  circumstances. 


mox 


FIGURE  A-3'  ;\ULE  OF  RATIO  /", 
DUCTILITY 


IM  DETERMINING 


A-36 


An  important  consideration  in  the  /abrication  of  body-ctntisrad  cubic  metals  and 
alloys  is  the  fact  that  they  undergo  embrittling  transitions  as  the  test  temperature  is 
lowered.  Such  a  transition  in  impact  strength  is  illustrated  schematic.Tlly  in  Figure  A-35, 
along  with  the  typical  behavior  of  face  rentered  cubic  and  hexagonal  close-pf  '.ked  metals. 
Neither  fac:- centered  cubic  nor  hexagonal  close -fscj'.ed  metals  undergo  embrittling 
transition,  Lut  the  toughness  of  the  former  structure  is  much  greater.  The  impact- 
energy  value  can  be  rationalised  in  terms  of  the  volume  undergoing  plastic  deformation 
(y^)  and  the  energy  absorbed  per  uni.  volume,  which  is  the  area  under  the  tensile  stress- 
strain  curve.  The  embrittling  transition  repreaents  a  loss  of  ability  to  propagate 
plastic  strain  in  Vg.  This  transition  can  occur  from  well  below  ambient  temperature  to 
well  above  it.  The  transition  temperature  can  be  particularly  high  for  the  refractory 
metals  (Mo,  W,  and  Cr). 
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FIGURE  A-3$.  SCHEMATIC  REPRISEt^TATIW  OP  THE  IMPACT  ENERCT-TEMPERATuRE 
RELATIOK  >IP  FOR  .HREE  PRIHClPAL  METAL  LATTICE  STRUCTURES 

The  body-centered  cubic  metals  undergo  embrittlement  at  successively  lower  tem¬ 
peratures  in  impact,  tension,  and  torsion,  for  which  the  ratios  of  (7niax/%iax 
2.  0,  and  1.  0,  respectively.  The  order  of  embrittlement  is  rationalised  on  the  basis  of 
the  marked  temperature  dependence  of  the  flow  stress  azid  the  relationships  shown  in 
Figure  A-34.  It  is  important  to  note  that  the  transition  temperature  f'r~  brittle  fracture 
depends  on  testing  conditions  because  it  is  influenced  by  the  loading  rate  and  the  stress 
system. 

The  process  of  plastic  flow  in  metals  is  terminated  by  one  of  several  modes  of 
fracture,  causing  the  separation  of  a  body  into  two  or  more  parts  and  the  creation  of  new 
surfaces.  This  is  a  natural  and  basic  limitation  of  a  forging  process,  as  is  the  lack  of 
sufficient  press  capacity  in  overcoming  the  flow  stress  of  the  material.  The  fracture 
stress  is  much  less  sensitive  to  certain  factors  than  is  the  flow  stress,  Incr-  ar.es  m 
strain  rate  or  prior  strain  and  decreases  in  toniperature  increase  the  resistar.cr.  i.o  flow., 
but  have  relatively  little  effect  on  the  fracture  stress. 

The  Idraiised  concept  of  fracture  is  the  pulling  apart  of  a  layer  of  atoms  from  the 
neighboring  layer,  requiring  the  overcoming  of  the  bonding  forces  between  the  atome. 
The  theoretical  strength  is  calculated  by  equating  the  energy  required  to  separate  atoms 


an  infinite  distance  to  the  energy  required  to  L  rm  two  new  surfaces.  The  expression 
derived  in  this  manner  yields  the  following  relationship: 


where 


(A-42) 


is  the  theoretical  strength 
E  is  tne  modulus  of  elasticity 
S  is  the  surface  energy  per  unit  area 
a  is  the  atomic  spacing. 

Fracture  stresses  calculated  by  this  relatlonsldp  yield  values  that  are  100  to  1000 
times  higher  than  the  observed  values.  Obviously,  fracture  In  metals  and  alloys  does  not 
occur  by  this  Idealised  mechanism.  It  should  be  considered,  rather,  that  fracture  Is  a 
resiUt  of  the  process  of  plastic  flow,  and  that  plastic  action  la  a  necessary  stage  for  the 
development  of  fracture. 

It  Is  convenient  to  discuss  fracture  mechanisms  In  terms  of  single  crystals  and 
polycrystalline  aggregates.  It  should  be  understood,  however,  thsc  seldom.  If  ever, 
will  fracture  occur  as  the  reavtlt  of  a  single  mechanism. 


Frocturs  of  Single  Crystals 

(1)  Shear  Fracture 

Single  crystals  of  metals  such  ac  magnesium  will  deform  by  slip,  the  sliding 
of  one  part  of  the  crystal  over  an<..li«.r.  Snear  fracture  Is  said  to  have  occurred  when 
this  sliding  Is  continued  to  a  point  at  which  the  two  parts  of  the  crystal  are  completely 
separated.  Thus,  shear  fracture  Is  the  termination  of  the  slip  process. 

(2)  Glide,  or  Glide  Plus  Twinning  (No  Definite  Fracture  Stage-) 

Examples  of  this  behavior  are  found  in  single  crystals  of  sine  o'*  ''admlxim. 
Slip  starts  on  the  basal  plane,  twinning  occurs  on  the  (1012)  plane,  which  is  followed  by 
secondary  basal  slip  in  the  twin  bands.  This  deformation  mode  produces  necking  of  the 
specimen,  and  the  specimen  draws  to  a  v/edge,  and  separates  along  a  line.  There  it.  no 
fracture  stage. 

(3)  Cleavage 

At  low  temperatures,  single  crystals  may  fracture  by  cleavage,  or  se’^vation 
perpendicular  to  some  crystallographic  plane,  producing  a  bright,  smooth  surface.  This 
type  of  fracture  occurs  on  di.8tinctlve  crystallographic  planes.  No  face-  c  uii.ic 

metal  is  known  to  fail  by  this  mechanism. 
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Frocfur*  of  Pol/cr/s*ollint  Metals 

( 1 )  Metals  of  Moderate  Ductility 

Metals  and  alloys  such  as  copper,  alur/unum,  and  steOi  (depending  on  the 
strength  level)  undergo  considerable  plastic  flow  and  necking  down.  Fracture  Initiates 
within  the  specimen  and  propagates  with  Increasing  plastic  strain,  gradually  opening  up 
the  fracture  toward  the  surface  of  tb.  specimen.  The  mechanism  i.inally  changes  to 
shear,  yielding  a  "cup-cone"  fracture.  In  soma  cases,  a  45-degre«  fracture  surface  Is 
obtained  instead  of  the  cup  cone. 

(2)  Drawing  to  a  Point  (100  Per  Cent  Reduction  of  Area) 

Metals  such  as  fine-grained  alnc,  lead,  or  gold  draw  down  to  a  point  and  then 
separate;  there  Is  no  definite  fracture  phase.  TMs  type  of  separation  Is  promoted  by 
applying  hydrostatic  pressure. 

(I)  Low  Temperature 

(a)  '  Those  metals  wltlch  cleave  as  single  crystals  will  cleave  as  polycrystal¬ 
line  aggregates.  In  cleavage,  there  is  no  apparent  increase  In  strain  to  propagate  the 
fracture. 


(b)  Brittle  Intergranular  fracture  at  ambient  temperature  can  occur  because 
of  structural  or  compositional  Irregularities.  Examples  are  overheating  (burning  or 
oxidation)  and  temper  brittleness  in  steel. 

(4)  Elevated  Temperatures 

The  fracture  changeefrom  tran** crystalline  to  intercrystalllne  above  the  equl- 
cohesive  temperature  range. 

(5)  Alternating  Stt'ess 

Metals  subjected  to  repeated  loads  fracture  by  two  general  mechanisms.  At 
stresses  corresponding  to  the  fracture  curve,  rupture  occurs  when  the  ductility  is  ex¬ 
hausted.  Fracture  at  the  endurance  limit  occurs  as  a  result  of  formation  of  disordered 
layers  to  a  certain  depth  and  the  Joining  up  of  these  layers  by  cracking,  followed  by 
general  disintegration.  .  .  _  _  .  . 

(6)  Stress-Corrosion  Cracking 

The  phenomenon  known  as  stress-corrosion  cracking  is  fdadamentally  a  cor¬ 
rosion  process  accelerated  by  stresses,  either  internally  or  externally  applied.  The 
stresses  store  up  excess  strain  energy,  and  i'.id  in  breaking  protecv'r'e  films.  The  crack¬ 
ing  may  be  promoted  by  the  wedge  eflect  of  solid  corrosion  products. 


Frociure  Memencletsre  and  Medienisms 

The  nomenclatu:-  lor  fracture  phenomena  is  va\Ied  stnd  coufusuig  because  of  the 
many  types  i.f  fracture  encountered  in  metais.  The  terms  generally  arise  from  descrip¬ 
tion  of  the  crystalline  mode  of  fracture,  appearance  of  the  fracture  surface,  and  vhe 
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hmount  of  plastic  strain  preceding  fracture.  “He  common  a/«lem(23)  of  terms  may  be 
summarized  as  follows: 

Behavior  Described  Descriptive  Terms 

Crystalline  mode  Shear  cleavage 

Appearance  of  fracture  Kibroue  granular  ■  . 

Amount  of  strain  to  fracture  Ductile  brittle 

For  example,  a  truly  ductile  specimen  breaks  in  the  ;hear  mode,  and  the  fracture  sur- 
facss  exhibit  a  fibrous  appearance  or  texture. 

It  la  useftil  to  classify  fractures  in  real  poly  crystalline  metals  and  alloys  under 
two  general  categories  of  ductile  and  brittle  fractures. 

Ouctile  Fracture.  Plastic  strain  is  Inherent  in  ductile  fracture,  including  the  ini- 
tiationT^e"  propagation,  and  the  final  stage  of  separation.  Lattice  vacancies  are  pro¬ 
duced  by  plastic  flow,  leading  to  pore  formation  by  vacancy  condensation.  These  pores 
are  extended  and  opened  through  the  action  of  plastic  flow,  which  is  an  Inherent  part  of 
the  fracture  p-ocess.  There  is  no  definite  fracture  stage  as  in  the  development  of  a 
running  brittle  fracture.  Tlie  concept  that  a  certain  amount  of  plastic  flow  sets  up  a 
criterion  of  rupture  has  proved  to  be  incorrect. 

Brittle  Fracture.  The  initial  requiramant  in  brittle  fracture  is  s  crack  nucleus  of 
critical  slas  that  will  develop  Into  a  rvuinlng  crack.  This  critical-siaa  crack  nuclaus  may 
arise  from  pre«exlstlng  flaws,  may  form  by  tha  ductile -fracture  mechanism  through  the 
action  of  plastic  flow,  or  may  reeult  from  the  Joining  up  of  two  existing  subcritical-siae 
flaws.  The  critical  stage  In  brittle  fracture  Is  tl»e  transiUon  from  a  slowly  propai^atlng 
crack  to  a  fast-running  crack.  This  sharp  Increase  in  propagation  velocity  greatly  limits 
the  dieelpatioh  of  stored-up  energy  into  plastic  flow. 

Role  of  Inclusions  in  Ductile  Fracture.  Most  forging  operations  involve  consider- 
nM,  at  d^fawnstlon,  SO  ttiat  ductile  fracture  is  of  particular  interest.  Brittle 

fracture  may  be  induced  in  tome  caeee  by  impact  loading. 

It  will  be  recalled  that  ductile  fracture  involvea  the  formation  of  pores  and  the  ax- 
tanaioa  aad  Joining  of  pores  by  plastic  £low»  lsad.*ng  to  ultimats  separation.  Pores  may 
form  by  ths  following  mechaniams:  . . 

(1)  Formation  of  vacanciss  by  concentr*  red  plastic  flow,  coala  scenes  of 
vacancies  into  porss,  and  sxtenaicn  of  porea  by  plastic  otrain, 

(2)  Nonmetallic  inclusions  as  nucleation  sitce.  Two  gsnsral  caess  are  of 
interest: 


POM  SY 
DSCONt»e.< 
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(b)  CAVITY  IN  INCLUSION 


MAT  NIX  DOES  NOT  CLOSE  UP 
VOlO  RNC.'.USE  OP  SURPACf 
TENSION  tPPECTS  -  VOIDS 

enlaROi  dy  acceptance  op 

VACANCIES  AND  PLASTIC  PLOW 


Zbcoorlmental  evidonce  ahows  that  tha  preaenca  of  nonmetalllc  incluaiona  hai  an 
Important  effect  on  the  tenaile  reduction  of  area ,  which  ia  a  direct  meaaure  ni  total 
atraln  before  fracture.  For  example,  high-purity  aluminum  haa  reduction -of -area 
valuea  of  90  par  cent,  whereaa  the  typical  value  ia  30  per  cent  for  impure  commercial 
gradea  of  aluminum.  Oxide  incluaiona  in  copper  conalderably  reduce  ita  ductility.  Thua, 
incluaiona  can  conalderably  limit  the  plaatic  flow  of  metala.  The  minimisation  of  inclu¬ 
aiona  ia  one  of  tho  exyretod  benefita  of  vacuum  melting. 


RELATIONSHIP  BETWEEN  ELASTIC  AND  PLASTIC  PROPERTIES 
OF  PURE  POLYCRYSTALLINE  METALS 


The  relationahipa  between  atreaa  and  atrain  in  the  plaatic  atate  are  complicated  by 
several  factors,  Including  the  following: 

(1)  The  magnitude  of  plaatic  strains  la  appreciable  and  the  usual  practiee'oZ 
dropping  infinitesimals  of  an  order  greater  than  one  In  derivations  of 
relationships  Introduces  serious  errors, 

(2)  There  is  no  simple  relationship  oetween  stress  and  strain,  and 

(3)  The  principal  stra*  '.s  do  no*-  necessarily  remain  parallel  to  the  principal 

stresses. 

Pugh^^^)  has  analysed  the  posslblUtlee  of  relationships  among  parameters  of  plastic  de¬ 
formation  and  the  elastic  constants  for  pure  polycrystalUne  metals.  The  basic  premise 
of  the  treatment  is  that  most  of  the  energy  of  a  dislocation  Is  stored  outside  the  core,  in 
that  part  of  the  lattice  where  the  straUis  are  Hookean.  The  elastic  constants  are  related 
to  (a)  the  resistance  to  plastic  deformation,  (b)  the  fracture  ^.irength,  '.nd  (c)  the  extent 
of  the  plastic  range,  or  the  malleability. 

The  expression  for  the  hardness,  3,  which  is  Indicative  of  tlie  flow  stress,  is  d«; - 
rived  from  a  dislocaUon  model  using  a  Frank-Read  source.  The  flow  strees,  S,  is  that 
stress  required  to  activate  a  Frank-Read  source  of  length  i,  or 

S~G*b/f  ,  (A- 43) 


'.vhere 


C  ii  tha  rigidity  modulus 
b  is  thtt  Burgers  vector  of  the  dislocation. 
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The  length,  £,  is  assumed  to  be  constant  for  »!1  metals,  yielding  an  expression  for.  "soft¬ 
ness"  (reciprocal  of  the  hardness)  as  follows: 


1  .  c 

B  ‘  G  •  b  ' 

where  c  is  a  constant  for  all  metals  of  the  same  structure. 


(A.44) 


The  "softness"  of  a  metal  is  assumed  to  consist  of  two  components,  the  first  due  to 
movement  of  dislocations  expressed  by  .'£quetion  (A-44),  and  the  second  due  to  therme.Uy 
activated  processes.  The  latter  component  is  a  function  of  temperature  and  rate  of 
straining.  The  two  components  yield  the  relutiuuahip 

5"  ^-Tb  ■••f(T/Tm,t)  ,  (A-45) 


where 


T/Tui  is  the  reduced,  or  homologous  temperature 
(Tjj)  is  the  absolute  melting  point),  and 

t  is  the  time  of  stressing. 

Tot  met'ls  meUing  at  temperatures  above  1000  C  and  tested  at  ambient  tempera¬ 
ture,  f  (T/Tjj„t)^  0,  and  the  constant  "c"  can  be  calculated.  To  tes;  the  contribution  of 
the  thermally  activated  processes  to  the  softness,  the  factor  0*b^  is  plotted  against  the 
melting  point  for  the  three  train  lattlo  structures  of  metals  in  Figure  A-36.  The 
parameter  is  constant  for  metals  with  melting  points  above  900  C,  but  rises  steeply  for 
those  melting  below  this  temperature.  The  anomalous  behavior  of  Ca  and  Pt  is  usually 
rationalieed  on  the  basis  of  purity  and  anisotropy.  The  body-centered  metals  can  be 
divided  into  two  subgroups,  the  low-melting  group  including  the  lithium  and  sodium  group, 
and  the  high-melting  group  sUrting  with  iron.  The  value  for  W  is  in  doubt  because  of  un¬ 
certainties  about  parity.  The  hes  gonal  n.uetals  also  can  be  divided  into  two  groups, 
melting  above  and  below  900  C.  Pugh  discusses  the  discrepancies  from  various 
viewpoints. 

The  temperature  dependence  of  the  elastic  moduli  of  metals  is  similar  from  abso¬ 
lute  aero  to  about  Tni/3.  Above  this  temperature,  thermally  activated  procesees  enter 
in  and  the  f(T/Tjj^,  t)  parameter  must  be  determined  and  taken  into  account.  Thus,  the 
prediction  of  hardness  (or  softness)  of  metals  at  ambient  temperature  by  £quation  (A-44) 
is  restricted  to  meUls  melting  above  900  C.  The  approximate  valv-^s  of  the  coi;iiitant  C 
are  the  following;  face-centered  cubic  -  0.33:  -ody-centered  cu  ic  -  0.27;  and  ho>xsnnal 
-  0.16. 


The  intrinsic  fracture  stress  is  estimated  from  the  area  under  the  force- 
displacement  curve  as  two  atoms  are  separated  to  an  infinite  distance.  The  abscissas  of 
this  curve  are  proportional  to  the  lattice  parameter,  a,  and  the  ordinates  to  the  hulk 
modulus,  K.  The  intrinsic  fracture  stress,  a,  is  then  propoi.'tiu.-.al  to  K’a  Pugh  iss 
that,  to  relate  the  intrinsic  stress  to  true  fracture  stress,  it  is  viecessary  ‘o  :  liv.  > 

accovmt  the  stress  concentration  at  the  base  of  the  cr  rck.  It  is  argued  that  the  crack 
comea  less  sh  .rp  as  plastic  sheaz  stress  decreases,  giving  the  expression  for  true 
fracture  stress, 


T-K.a/MC-b/K) 


(/.-t6) 
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it  is  turthfir  argued  thai  the  atrete-concentratlc  '  factor  la  hmall  and  conatant  among 
metala,  giving  as  a  firat  approximation 


T  Ka  .  (A-47) 

The  malleability  (plaaticlty)  of  a  metal  la  predicted  from  the  gap  between  the  flow 
atreaa  and  the  fracture  atreaa.  The  treatment  ia  baaed  on  the  true  atreas  -  true  strain 
curve,  aaauming  that  the  atreaa  for  any  given  atraln  la  givan  by  G‘b*g  and  the  atrain- 
hardening  function,  where  g  ia  conatant  w:ithin  each  group  of  metala.  By  a  aariea  of 
argumenta,  it  ia  deduced  that  plaatic  atraln.  Up,  ia  given  aa 

Cp  ■  <<>(K/0)  .  (A-48) 

The  higher  the  ratio  of  the  bulk  modulua  to  the  ahear  modulua,  the  greater  the  malloa- 
bllity.  Since  the  Poiaaon'a  ratio,  V,  la  related  to  K/G,  the  malleability  ahould  alao  be 
related  directly  to  thia  elaaii^  conatant.  The  valuea  of  K/Q  and  v  are  liated  for  face- 
centered  cubic  and  hexagonal  metala  in  Table  A-2.  The  body-centered  cubic  metala  all 
have  approximately  the  aame  valvee  of  K/G  and  v,  indicating  theae  maUla  ahould  have 
comparable  malleabilitlea. 


COLD  WORKING  AND  HOT  WORKING 

i 

It  ia  important  in  forging  proceaaea  to  diatinguiah  between  cold  working  and  hot 
Working  and  the  rola  of  the  proceaa  of  recryatalliaation  in  thia  diatinction.  Cold  working 
ia  conaidered  to  be  plaatic  deformation  accompliahed  below  the  recryatallixation  tem¬ 
perature  range  and  hot  working,  that  done  above  thia  tentperature  range.  The  term  "warm 
working"  ia  uaed  to  deaignate  plaatic  deformation  at  elevated  temperaturea  but  below  the 
recryatalUaation  temperature. 


CeU  Working 

Cold  working  ia  charaeteriaed  by  atraln  hardening,  which  ia  one  of  the  baaic 
mnehaniama  of  hardening  metada.  Both  ultimate  atrenglh  and  yield  etrength  increaae  aa 
the  aunount  of  atraln  decreaaea,  whereaa  the  ductility  generally  decjreaaea. 

The  detaila  of  atrain-hardening  mer.haniatna  in  metala  have  tc  u  .  .  ^arlfied.  It 
ia  certain  that  the  denaity  of  defeote,  particularly  dialocationa,  ia  increaaod  by  cold 
working.  Alao,  the  internal  aurface  per  unit  vr  Vme  (grain  boundarie  i)  increaae*,  and 
elaatic  atrain  energy  ia  atored  becauae  of  lattice  bending,  particularly  at  grain  b.iunOa- 
riea ,  Theae  incrementa  of  energy  atored  in  cold-worked  metala  conatitute  the  "latent 
heat  of  cold  work"  which  ia  given  up  when  the  meial  ia  softened  by  annealing.  Lace  than 
10  per  cent  of  the  total  work  of  deformation  ia  atored  up  in  the  metal  (1  u.lorie  or  leae 
per  gram);  the  reat  of  the  work  of  deformation  ia  given  off  aa  aenaible  hr»t, 

The  latent  heat  of  cold  work  or  extra  atored  energy  in  the  metal  ia  th«,<  baa' a  c.  the 
foilnw'ng  characteriatica  of  the  cold-worked  atate: 

(1)  The  internal  energy  ia  increaaed  by  coid  work 

(2)  The  denaity  decreaaea  slightly 

(3)  The  lUermal  coefficient  of  e:q>anaion  increaaea  slightly 
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TABLE  A-2,  CRITERION  K/G  AND  ELONGATION  FOR  f  ACE- CENTERED 
CUBIC  AND  HEY  \CONAL  CLOSE'PACKED  METALS 


M«U1 

Rigidity 
Modului , 

o.  , 

Kg/mm^ 

Bulk 

Modulus 

Kg/mm^ 

K/G 

Poiaaon'a 

Ratio 

Elongation, 
par  cant 

Purity, 
pai  cant 

Faca' 

-C^ntarm* 

'.'■Mbic 

Cfclclum 

750 

1750 

2.33 

0.31 

60 

Strontium 

620 

1220 

1.97 

0.28 

Alunilnum 

272) 

7460 

2.74 

0.34 

50 

99.99 

Thorium 

3160 

5500 

1.74 

0.26 

Nickol 

7500 

18900 

2.52 

0.32 

30 

99.95 

(Nitco) 

Rhodium 

15300 

27000 

1.77 

0.26 

Small 

Iridium 

21400 

37300 

1.74 

0.26 

Small 

Pulludium 

4450 

19000 

4.27 

0.39 

40 

99. 9+ 

Platinum 

5300 

27800 

5.25 

0.44 

40 

Coppar 

4640 

13900 

3.00 

0.35 

60 

99.99 

SUvar 

2940 

10100 

3.44 

0.  37 

60 

99.98 

Gold 

2S20 

17300 

6.14 

0.42 

50 

99.99 

Land 

570 

4200 

7.37 

0.44 

64 

99. 99 

Kaxagonal  Cloaa-Packad 

Bary  Ilium 

13500 

11700 

0.867 

0.  08 

1 

Magnaaium 

1770 

3390 

1.915 

0.28 

16 

99.98 

Lanthanum 

1500 

2840 

1.90 

0.28 

Titanium 

3870 

12500 

3.23 

0.36 

37 

Zirconium 

3540 

9100 

2.58 

U.33 

40 

Halnium 

3100 

11100 

3.58 

0.37 

Cobalt 

7630 

18500 

2.43 

0.31 

Rhanium 

21000 

37000 

-.76 

0.26 

Ruthanium 

17600 

29000 

1.65 

0.25 

Oamium 

22800 

38000 

1.67 

0.25 

Zinc 

3790 

6000 

1.59 

0.27 

25 

97. S9 

Cadmium 

2460 

5000 

2.03 

0.29 

5C 

99.99 

ThalUum 

280 

2900 

10.3 

0,45 

IJ'tge 
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(4)  Th«  elaitic  moduli  lira  not  graaily  affacted 

(5)  Cold  work  Incraatai  tha  raactivlty  ol  matala, 

Thua,  cold'workad  matala  ara  in  a  mataaU  la  condition  bacauaa  of  the  axtra  atorad 
anargy,  and  tana  to  ralax  to  an  aquilibrium  atata  of  low^ct  Iraa  anargy.  Tha  rata  of  ra> 
laxation  to  a  lower  anargy  atata  ia  dapandent  axponantiallyt. on  tha  tamparature. 

Laraon  and  Kula(^^)  axaminad  tha  im.aanca  of  cryatat  atvuctvtra  on  tha  alraln- 
hardaning  charactariatica  of  high«purity  pol/cryatallina  maula.  Tha  affact  of  cryatal 
atructura  on  tha  atraln-hardaning  axponant,  n,  in  tha  axpraa alon  d  ■  K6"  for  tha  thraa. 
principal  cryatal  atructuraa  ara  aummariaad  in  Table  A*3.  Thaaa  ara  ma?n  value*  of 
"n"  baaad  on  data  over  a  tamparature  range  in  which  there  ia  little  change  in  tha  true 
atrain  at  tha  maximum  load  point.  The  data  in  tha  table  ftt  tha  relationship 

n  ■  k(8D)  ,  (A-49) 


whera 


k  ia  a  conatant|  about  0. 06 
8U  ■  number  of  alip  dlrectiona. 


TABLE  A-3.  INFLUENCE  OF  CRY8TAL  STRUCTURE  ON  STRAIN  HARDENING 


Cryatal 

Structure 

True  Strain(h) 
at  Maximum 

Load 

Number 
of  Slip 
Dlrectiona 

Number 
of  Slip 
Systems 

Hexagonal  cloae 

0.18 

3 

3 

packed 

Body-centered 

n.26 

4 

48 

cubic 

Face-centered 

0.38 

6 

17. 

cubic 


(1)  n  (lUiln-hiidantiig  wponant). 

It  is  found  that  tha  parameter  n  increaae.a  aa  tha  grain  aiaa  incraaaas,  la»ann  and 
Kula  derive  the  re.'ationahip 

k  •  K(GS)®  ,  (A- 50) 

whera 


k  B  k  in  Equation  (A-49) 

K  B  a  constant  (the  iutarcept  at  a  grain  aiae  of  ’  n«n,  equal  to  abouv  0.  18) 
GS  B  grain  aiae  in  mic  lUotars 
S  B  elope  ■>!  the  log  n  -  log  grain  aiae  plot  (about  0. 18). 
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The  effect  of  temperiLture  on  n  i«  quite  different  for  uiffnrent  crystal  structure,  as 
shown  in  Figure  A'37.  In  all  cases,  the  capacity  for  strain  hardening  is  lost  as  high 
temperatures  are  attained.  As  absolute  aero  ia  approached,  tht-  face-centered  cubic 
metals  show  a  significant  increase  i'  n;  the  hexagonal  close>packed  metals  show  an  even 
greater  Increase  because  of  the  onset  s>f  twlnnirtt  at  low  temperatures.  The  decrease  in 
n  for  the  budy-centered  cubic  metals  as  the  temperature  approaches  absolute  aero  is 
unique.  This  behavior  may  be  a  basic  factor  In  the  embrittling  transition  exhibited  by 
these  metals. 


TCMPIItATMl,  K 

PIGURI  A-S7.  TYPICAL  CURVIS  OP  STRAlN-HARDINtNO  IXPOHBNT  AS  A  PUNCTIOM 
OP  riMPCRATURR  POR  THRIB  SPACI  LATTICIS 


Rseryttalilselion 

As  cold-workad  metals  are  heated  to  elevated  temperatures,  several  procasaea 
Occur,  In  the  following  order;  « - •  ■■  •• 

(1)  Recovery,  manifested  by  reduction  of  residual  stresses  resulting  from 
a  change  in  substructure 

(2)  Recrystalliaation,  the  principal  softening  process  which  reduces  the 
hardness  and  atrenjth,  and  increases  the  ductility 

(3)  Grain  growth 

(4)  Secondary  racryetalllsation,  or  creation  of  new  grain-orientation  textures 
by  preferential  grain  growth. 

Recovery  and  recrystalliaation  are  believed  to  be  Intimately  related  ..  >  the  of 

polygonlsati»n,  which  is  the  formation  of  aubstructurs  hy  rearrange*- ent  of  dislocatinna 
On  bent  !',t\co  planes. 
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Recrystallization  ihould  be  regarded  as  occurring  over  a  temperature  range,  which 
is  a  function  of  degree  of  strain  hardening,  time  of  annealing  at  a  temperature,  and  solute 
content  in  solid  solution.  The  recry stalllsstion  temperature  range  caij  be  crudely  esti* 
mated  as  Tm/2,  where  absolute  ine’ting  poirt.  This  ir.  also  roughly  the  tem¬ 

perature  at  which  the  rate  of  self-diffusion  becomes  appreciable  and  recovery  from  strain 
hardening  by  dislocation  climb'becomes  dominant,  characteristics  of  high-temperature 
deformation.  It  is  also  roughly  equal  to  the  "equl-cohesive"  temperature,  which  cup- 
posodly  marks  the  change  in  strength  of  the  grain  relative  to  the  grain  boundary.  Below 
thle  temperature,  the  grain  boundarlea  are  thought  to  be  stronger  than  the  grains  and 
fracture  ie  expected  to  occur  in  a  tranegranulur  faehlon.  Above  this  temperature,  the 
grains  are  thought  lo  lie  stranger  than  the  grain  bounc'*  ties  and  fracture  is  expected  to 
occur  in  an  intergranular  mode,  which  is  observed  in  prretice. 


Hot  Wnrking 

Hot  working  Is  plastic  deformation  accompllthed  above  the  recrystalllaatlon  range 
and  is  characterieed  by  concurrent  recovery  of  strain  hardening  and  an  essentially  con¬ 
stant  flow  stress.  Deformation  la  limited  by  Inltietion  of  ductile  fracture  or  some  faf,m 
of  hot  shortness.  This  general  reaponse  la  eaaeatlallv  the  behavior  of  an  Ideal  plastic 
body.  The  flew  stress,  of  course,  decreases  with  Increasing  temperature  end  goes  to 
Euro  abruptly  at  the  melting  point, 

A  characterlatlc  of  the  hot-working  range  is  the  increased  eens.'.tivlty  of  the 
strength  to  strain  rate,  or  the  property  of  "strain-rate  sensitivity".  This  is  Illustrated 
for  hlgh-purlty  aluminum  In  Figure  A-?8.(^^)  It  is  of  interest  to  note  that  tlte  strengths 
at  various  temperatures  approach  a  common  value  at  very  high  strain  rates. 


PHHIRI  A-X.  RILATIOMMIP  BITWIEN 
TIMHLf  tTRINCTH  AND  STRAIN  RATt 
TOR  HISH-RURITY  ALUMNUM 


I 
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The  combined  Influences  of  temperatuTe  and  strain  rate  on  the  relative  strength  of 
a  pure  metal  or  single-phase  alloy  is,  in  general,  as  shown  in  Figure  A-S'l  for  the 
homologous  temperatures  expressed  as  a  fraction  of  the  melting  tehinerature,  T,.^,  on 
an  absolute  scale.  Up  to  0,  5  Tj,,  the  train  rate  has  little  influence  on  strength  proper¬ 
ties.  At  about  0.  5  Tin,  'ecrystalliaation  takes  plact.  Between  0.  5  Tm  and  Tmi  the 
metals  exhibit  the  greatest  strain-rate  sensitivity. 

Typical  influences  of  temperai..  re  and  strain  rate  are  shown  in  Figure  A-40  for 
three  single-phase  metals  representaiive  of  aluminum-bsse,  titanium-base,  and  cobalt- 
base  alloys.  As  shown,  the  behaviors  are  quite  similar. 

It  is  wbrth  noting  that  alloys  containing  two  phases  exhibit  slightly  less  predictable 
behavior  with  respect  to  temperature  and  strain  rata.  This  ia  due  primarily  to  the  fact 
that  one  of  the  phases  sxhlbits  reciystallleatlon  tsmperatures  diiferciu  from  the  other, 
Ths  alloys  become  increasingly  strain-rate  sensitive  mt  temperatures  above  the  lowest 
recrystallisation  temperature  of  ths  two  phases  rather  than  at  the  theoretical  0,  5  Tm 
temperature.  Steals  and  alpha-beta  titanium  alloys  exhibit  this  behavior.  Figure  A-41 
indicatnt  how  Steele  are  generally  iniluencad  by  strain  rate  and  Figure  A-42  Illustrates 
the  behavior  of  alpha-beta  titanium  alloys.  At  temperatures  between  absolute  aero  and 
about  900  F,  the  strengths  of  steels  are  virtually  insensitive  to  s'.rain-rate  variation. 
Steels  generally  exhibit  a  hump  on  the  curve  at  temperatures  in  the  vicinity  of  the  trans¬ 
formation  temperature  range.  At  higher  rates  this  hump  shifts  towards  higher  tempera¬ 
tures,  as  shown  in  the  figure.  Titanium  silloya  exhibit  a  minor  amount  of  strain-rate 
sensitivity  at  ambient  temperatures.  This  ia  beUevad  related  to  the  metastable  beta 
phase.  Strain-rate  sensitivity  la  evident  at  temperatures  at  about  0,45  Tm,  and  higher. 

Work  e(  Dsfsrsieflon  j 

One  of  the  "laws"  of  plastic  deformation  ia  that  the  sum  of  ths  three  principal 
normal  true  etrains  is  equal  to  aero,  or 

9!i  +  ^2  +  03  ■  0  ,  (A-51) 

It  follows  that  one  of  the  strains  must  be  of  the  opposite  sign  and  equal  to  the  negative 
sum  of  the  other  two  strains.  This  strain  parameter  ia^ldiown  as  the  effective  d^orma- 
tlon,  ^h>  4i>d 

.  'A-52) 

For  simple  geometries,  the  effective  deformation  is  easily  deduced.  For  example,  in 
the  compression  of  a  solid  cylinder,  the  effective  deformation  is  the  true  strain  in  .^hc 
axitU  direction  and  is  negative  in  sign. 

It  can  be  demonstrated^^^^  that  the  work  of  deformation  for  ur'-xial,  biaxial,  and 
trlaxial  stress  states  is  given  by  the  expression 

A  -  V{Kf)>j!>h  ,  (A-53) 

where 

A  i*  tho!  work  of  defomnation  Kf  is  the  flow  stress 

1^1,  Is  the  effective  deformaden. 


V  is  file  volume  deformed 


RBLATIVE  STRENGTH 
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FIGURE  A-39.  TYFiCAL  INFLUENCE  OF  TEMFERATURE  ON  RELATIVE  STRENGTH  0^ 

FbkE  {.etals  anu  sihgle-fhase  alloys  at  various  strain 

RATES 


FIGURE  A-40.  TENSILE  STRENGTHS  OF  T/FICAL  ALUMINUM,  COBALT,  AND 
TITANIUM  ALLOYS  AS  INFLUENCED  BY  TEMFERATURE  AND 
STRAIN  RATE 
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SYRCNGTN  OF  JMNfeALkO  XtyMA-OttA  TlTiOOON  ALLOV^ 


A-3i 


It  was  pointed  out  earlier  that,  for  cold  worV^.ig,  Kf  *  ^  I'®*  working,  Kf  ® 

constant.  This  is  shown  graphically  in  Figure  A-43(a>,  '.The  specific  work  of  deforma¬ 
tion  or  the  work  per  unit  volume  of  mate'<'ia\,  and  its  dependence  on  strain  for  hot  and 
cold  working  is  depicted  schematically  in  'figure  A-41(hl.  The  specific  work  varies 
linearly  with  s:rain  in  hot  working,  but  increases  ourvilinearly  in  cold  working. 


riOUm  A-43.  THI  IPICIPiC  WORK  OR  DIRORMATION  tCROIt-HATCHIO  ARIA 
tN  (s)]  AHO  tn  DIRINDINCI  ON  STRAIN 


Otntrttllen  el  Hmi 

The  work  of  deformation  Is  largely  converted  into  heat.  The  temperature  :^lee  may 
be  eetimatedt^^)  by  the  following  relatloneblp; 


At  « 


♦h  *  Xf 

rrc“ 


(A- 54) 


Where 


At  is  the  temperature  rlee 
4ih '  K{  le  the  epecifie  work  of  defocmatibn 
W  .is  the  mechanical  eiiuivalent  of  heat 
c  is  the  epeclfic  heat 

7  is  the  'denci'  r. 
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For  iron  &t  forging  tomperAturor,  At  «  36  to  72  A»  ia*  doformation  tomporaturo  la 

docraaaad,  the  apeciilc  work  ot  deformation  increaaea,  and  At  can  be  aeveial  timea 
larger. 

From  a  practical  viewpoint,  eve:-^  with  the  tudden  and  aevere  deformationa  which 
occur  in  thj  rolling  of  wire  rod  or  in  forging  of  email  aeetione  under  high-epeed  ham- 
mere,  not  only  can  an  exceaaive  tomperatura  drop  be  prevented,  but  a  tei^tperature  riae 
may  be  obtained,  in  spite  of  high  ra  'irtion  lossea. 


HARDeNlk<46  MECHANISMS  AND  OTHER  METALLURGICAL  EFFECTS 


Some  metallurgical  phenomena  of  particular  importance  in  forging  proceseoa  are 
dlacussed  briefly  in  this  section. 

High-purity  metaia  can  be  hardened  by  two  mechaniams  without  the  addition  of 
alloying  elements.  These  are,  at  a  given  temperature,  (a)  strain  hardening  and  (b)  re¬ 
duction  of  grain  siae.  The  hardneae,  or  strength,  increases  as  the  testing  temperature 

decreases. 

Strengthening  by  reduc^on  o*.  grain  siae  results  from  the  fact  that,  as  a  grain  de¬ 
forms  by  slip,  it  must  adjust  to  its  neighboring  grains  in  order  to  maintain  coherency: 
the  smaller  the  grain  alas,  the  more  the  resistance  to  this  adjustment  in  shape  and  the 
higher  the  resistance  to  flow.  Hardness  is  generally  related  to  the  grain  siae  in  a  non¬ 
linear  fashion  but  there  is  a  linear  relationship  between  hardness  and  the  grain-boundary 
surface  per  unit  volpme.  This  illustrates  the  fact  that  increased  hardness  resulting 
from  reduction  of  grain  siae  is  fundamentally  related  to  grain  boundaries. 


Herdenllig  by  Alleying 

The  addition  of  alloying  elwments  provides  the  basis  for  the  following  additional 
hardening  mechanisms ; 

( 1 )  Solid-  solution  hardening 

(2)  Second-phase  hardening 

(a)  Precipitation  hardening 

(b)  Dispersion  hardening 

(3)  Strain  aging 

(4)  Transformation  hardening 

(5)  Ordering. 

These  mechanisms  can  have  ii>..|»ortant  influence  on  the  forge*biiity  oi.  alloye,  a/ ..a  plastic 
streining  in  turn  can  affect  these  hardening  processes. 

A  .-.oliite  atom  rtf*.-'  be  completely  soluble,  partly  soluble,  or  essentially  Insoluble 
in  the  latlJcft  structure  of  the  base  metal.  7*'hen  the  solute  atom  is  present  in  amounts 
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lest  than  the  soldbility  limit,  it  will  be  found  ir.  lolid  solution,  i.e.,  dissolved  in  the 
lattice  of  the  host  atom.  When  the  solute  atom  is  present  in  excess  of  its  solubility,  two 
structural  components  exist;  namely,  a  saturated  solid  solution  and  a  secor.r’  phase  com¬ 
posed  of  either  the  pure  solute  or  a  mixture  ol  the  solute  and  the  solveiit.  The  second 
phase  may  exist  «n  a  great  variety  of  shapes,  siaes,  and  distributions.  The  hardening  of 
a  metal  by  an  alloying  element,  accordingly,  occurs  in  two  general  ways: 

(a)  Formation  of  solid  solutions,  giving  rise  to  solid-solution  hardening,  and 

(b)  Formation  of  a  second  phase,  giving  rise  to  hardening  by  interruption  of 
the  matrix  by  the  second  phase. 

Solid-Solution  Hardening.  Two  basic  types  of  solid  solutions  are  formed  in  metals, 
namely,  'interstitial"  solid  solutions  in  which  the  solute  atom  enters  into  interstitial 
sites  in  the  lattice,  and  "substitutional"  solid  solutions  in  which  the  host  atom  is  re¬ 
placed  by  the  solute  atom.  Tv'orstitial  polid  solutions  in  general  follow  Hagg's  Rule, 
which  states  that  the  ratio  of  the  radius,  of  the  solute  atom  to  the  radius  of  the  solvent 
atom  must  be  less  than  0.  59.  These  solid  solutions  are  found  to  be  largely  restricted 
to  C,  O,  N,  H,  and  B  in  transition  metals  that  have  unfillad  inner  shells  of  electrons. 
Substitutional  solid  solutions  in  general  follow,  as  one  condition  to  be  met,  the  Mume- 
Rothery  Rule,  which  states  that  the  ratio  of  the  radius  of  the  solute  atom  to  the  solvent 
atom  fnust  lie  in  the  range  of  0.05  to  1.15  (15  per  cent  rule). 

Solid-solution  hardening  occurs  fundamentally  as  a  result  of  a  decrease  in  the 
periodicity  or  regularity  of  the  laMce.  The  e^ectlveness  of  hardening  by  a  solute  is 
found  to  be  inversely  proportional  to  ite  solubility.  The  solubility  can  be  correlated  with 
sise  effect,  differences  in  electronegativity,  and  differences  in  valence.  As  the  limit  of 
solid  solubility  is  approached,  short-range  ordering  probably  becomes  Important. 

Second-Phase  Hardening.  When  the  solubility  limit  for  a  solute  is  exceeded,  a 
second  phase  oi  the  general  composition  Axfiy  appears  in  the  microstructure,  as  illus¬ 
trated  in  Figure  A-44.  The  secon'* -phase  particles  act  as  barriers  to  slip  and  thereby 
harden  and  strengthen  the  alloy.  The  second  phase  may  come  out  of  solution  "coher¬ 
ently"  or  "noncoherently",  depending  on  whether  or  not  the  lattice  of  the  second  phase  is 
continuous  or  discontinuous  with  the  matrix.  When  a  noncoherent  precipitate  is  formed, 
it  is  called  a  dispersed  second  phase  and  the  process  ie  called  dispersion  hardening.  The 
strength  of  the  alloy  is  inversely  proportional  to -the  mean  free  path  in  the  matrix  (be¬ 
tween  precipitated  particles)  when  the  second  phase  is  hr.rder  than  the  matrix. 

The  hardening  process  is  called  "precipitation  hardening"  or  "age  harden1-.«!"  when 
the  precipitate  forms  coherently.  The  forced  fi*^  of  the  precipitate  on  the  matrix  J-'-ttice 
creates  large  strains  over  long  distances  and  results  in  effective  hardeidng.  The  par¬ 
ticles  grow  with  time  and  reach  a  critical  sise  at  which  they  cannot  sustain  the  atrains 
required:  they  then  breidc  away  from  the  matrix  and  become  noncoherent.  A  typical  age¬ 
hardening  system  is  illustrated  in  Figure  A-45  and  a  typical  aging  curve  '.u  Figure  A-46. 
Cold  forging  an  age-hardenable  alloy  after  solution  quenching,  but  before  aging,  will 
accelerate  aging,  create  favorable  nucleation  sites  within  the  grain,  and  provide  .aore 
general  nucleation.  With  no  deformation,  the  precipitation  will  nucleate  at  «rain  bo<  '  fla- 
rlee  ahead  of  the  sites  in  the  interior  of  the  grain,  as  illustrated  in  Figure  A-47. 
deformation,  t'.us,  makes  precipitation  occur  more  uniformly. 
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fICURI  A.44.  CNAMM  M  ITIlUCtURI  ON  IXCLISKNC  THI  SOLID  SOLUMLITV 
OP  A  MLUTI 


Stroir.  AglM.  Tho  fann  "birain  aging"  la  uaad  in  two  aanaea.  One  refers  to  the  | 
return  ol  tua  yield  point  alter  plaetlc  straining  of  Iron-base  alloys.  This  Is  thought  to  ie 
due  to  Interstitial  atoms  locking  dislocations  by  association  with  the  dislocations,  I'he  i 
othsr  sense  refers  to  the  Inducing  of  precipitation  ol,  lor  example, -iron  nitride  from  | 
Iron,  by  cold  working.  The  conditions  of  superaaturatlon  are  attained  through  cold  work 
ing.  Perhaps  these  two  connoUtions  differ  only  In  the  degree  of  completion  ol  the  samsi 
process. 


Harden^  by  AUotroplc  Transformation.  Several  transition  metals  possess  two  ok 
more  crystalline  modifications  In  tke  solid  state,  called  allotropes.  Whan  o.ie  modifies 
tlon  Is  cooled  into  the  temper  .ture  range  In  which  another  allotrope  Is  stabls,  a  lattice 
translorm'.tlon  occurs  that  Is  called  an  allotroplc  transformation.  In  pure  metals,  suc]t 
transformations  effect  only  a  small  degree  of  hardening,  ..s  a  result  of  grain  refinement , 
In  alloys,  this  is  a  very  versatile  hardening  process  because  superaaturatlon  in  the  low 
tsmpera^re  allotrope  can  be  produced  by  cooling  the  hlgh-temperature  phase  rapidly,  j 
This  is  true  when  the  solubility  of  an  element  In  the  high-temperature  allotrope  Is  higher 
than  In  the  low-temperature  modification.  If  the  quenched  product  •  supersaturated  ^ 
solid  solution,  It  can  bo  reheated  to  cause  precipitation  of  a  second  phase  either  coher¬ 
ently  or  iioncoherently.  The  system  will  relax  to  an  equilibrium  solid  solution  and  a 
second  phase.  No  new  hardening  mechanisms  are  involved;  the  lattice  transior-.natlor, 
serves  only  to  achieve  significant  supersaturation.  Plastic  deformation  is  kitown  to  ac¬ 
celerate  the  decomposition  of  the  high-tempv^rature  phase. 

Order-Disorder  Transformation,  in  a  special  type  of  transformation  that  occur^ 
in  some  alloy  systems,  the  lattice  sites  maintain  the  arrangement  they  have  *u  a  solid/ 
aolution,  but  above  a  critical  temperature  the  .A  and  £>  atoms  randomly  dieti  iuuteu, 
and  below  this  temperature  the  atoms  take  up  special  sites  with  reape  ..i.  to  tbi.i  v  .laigW- 
b'-'f*.  This  order-disorder  transformation  Is  illustrated  in  Figure  Ordering 

produce.-  interesting  electrical  effects  and  is  believed  to  be  an  important  hardening 
mechanii  m  in  some  complex  alloys. 


/ 

/ 


TurtRATime 


PI6URI  A  4S.  STIPS  IN  THE  AGE 
HARDENING  OP  AN  ALLOY 

Typical  ••••haHanInt  (yatam 


TIME  AT  PRICmTATION  —— 
HARDEWNa  TEMPERATURE 


A-56 


C  A  ATOMS 
#  •  ATOMS 


DISORD8KIO  ORDIRID 

SOLID  SOLUTION  SOLID  SOLUTION 


PiCUM  A-41.  SCHEMATIC  ILLUSTRATIOM  OP  DiSOROER  ORDER 
TRANSPCHIMATION 


Stobililjr  of  MIerostructurM  al  EltvottJ  Tomptfahirtt 

Th«  atabiUty  of  varloua  alamanta  of  mlcroatructura  and  hardening  mechanlama  at 
alevatad  temperatures  is  of  interest  both  in  determining  the  flow  stress  (and  therefore 
the  forging  forces  required)  and  the  load-bearing  abilities.  Elevated  temperatures  bring 
about  many  changes  in  microstructure  and  hasten  the  attainment  of  the  equilibrium  struc¬ 
tures.  Some  of  ^e  expected  ejecta  are  listed  below: 

(1)  The  rates  of  diffusion  ir.crease 

(2)  Grain  coarsening  occurs 

<3)  Solubilities  usually  increase,  tending  to  dissolve  second -phase 
particles 

(4)  Aging  and  overaging  are  accelerated 

(5)  Second-phase  particles  tend  to  agglomerate 

(6)  The  strength  of  the  matrix  continuously  decreases  with  temperature, 
barring  special  metollurglcal  effec'.s,  and  goes  to  aero  at  the  melting 
point 

(7)  Thr  reaction  with  chemically  reactive  attnospheres  incteasos,  leaving 
to  contamination  or  loss  of  constituents  to  tha  atmosphere 

(8)  Solute  atoms  can  be  absorbed  at  g.'ain  bcondaries  or  in  grains  at 
elevated  temperatures. 

The  stabilities  of  varioualy  hardened  alumimun  and  alumin'im  alloya  as  a  i.  uction 
of  temperature  are  summariaed  by  Sberby^^^^  in  Figure  A-49.  The  f^',Ars  tliat, 

with  the  exception  of  SAP  (sintered  aluminum  powder),  all  the  variouKly  hardened  aUoyb 
lose  their  trongth  abruptly  at  about  one-half  o  .  the  absolute  m«*tlng  point.  The  solid- 
solution-bardened  and  o  cpersion-hardened  alloys  lose  their  strengm  first,  whereas  the 
cold-worked  and  precipitation-hardened  alloys  lose  their  strength  more  slowly  with 
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increaulng  temperature.  At  about  three-quarte**^  ol  the  melting  point,  the  strength  of 
all  the  alloys  Ijecomes  comparable  to  that  o.t  pure  aluminum.  The  case  of  SAP  is  some¬ 
what  special  since  It  Is  a  dispersion  of  Al^O'^  in  aluminum.  Aluminum  has  ri  very  small 
solubility  for  oxygen  and  therefore  AI2O3  ha  I’ttle  tendency  to  dlssolvo,  explaining  the 
stability  of  this  material. 


PI6URK  A-4f.  IPdICr  OP  TIMPIRATURI  ON  TNI  STAIILITY  OP 
VARIOUS  NAROININC  MICHANISMS 


Figure  A-49  lUuetratee  strikingly  the  instability  of  various  microstructures  at  ele* 
vated  temperatures  and  the  eventual  disappearance  of  all  the  modes  of  hardening  at  suffi* 
ciently  high  temperatures. 


Oxidation  ond  Contominstien 

S 

Since  many  elevated-temperature  forging  operations  are  performed  in  air,  the  I 

workpiece  is  subject  to  oxidation,  or  scaling.  This  is  a  source  of  metal  loss,  but  also  j 

can  lead  to  surface  defects  and  to  Important  changes  in  friction  coefficients,  <! 

> 

The  simplest  type  of  oxidation  is  the  formation  of  a  continuous  oxide  film  through  1 

which  the  met<al  lor  diffuses  to  the  oxide-atmosphere  interface.  The  m  }tal  ionises  it  the 
metal-oxide  interface  and  diffuses  along  >vlth  electrons  to  the  oxide -atmosphere  intvi'fAce. 

The  oxygen  atom  is  ionised  and  reacts  to  form  tlie  oxide.  In  some  refractory  mottls  such  i 

as  molybdenum,  the  oxygen  ion  diffuses  tj^rough  the  oxide  to  the  metal-oxide  inteiface.  ] 

e 

A 

For  a  diffusion  path  X,  the  rate  of  oxidation  is  expected  to  be  inversely  proportional  ^ 

to  X,  or  5 


and 


dx/dt  >  K/x 

X^  s-  Kt  -f  Consta^'.t 


(^-55) 

A 

■  I 

A 
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Thii  ii  thM  familiar  "parabclic  equation"  for  oxidation,  and  K  i*  called  the  rate  conetant, 
Tho  rata  conetam  la  expected  to  vary  with  temperature  according  to  tne  Arrhoniui  r«ia^ 
tionehip, 


II  •  Ae 


-Q/J»T 


(A- 56) 


where 


A  ia  a  frequency  factor 
O  la  an  activation  energy 
R  ia  the  univeraal  gaa  conatant 
T  la  the  abaoluta  temperature. 

The  rate  conatant  variua  exponentially  with  temperature,  emphaaieing  the  importance  of 
temperature  on  the  klnetica  of  oxidation.  The  volume  of  the  acale  in  general  ia  greatar 
than  the  volume  of  metal  from  which  it  forma.  At  a  critical  thichnaaa,  the  acale  bucklea 
and  becomea  looae.  In  the  caae  of  a  oontinuoua  oxide  film,  when  the  temperature  ia  too 
low  to  have  aigniflcant  ionic  diffuaion,  the  oxide  film  initially  will  form  quickly  and  then 
alow  down  logaritlimically  to  a  Umltlnt  value: 

X  ■  Ki  In  t  4  Conatant  .  (A>57) 

The  limiting  value  for  aluminum  at  room  temperature  la  40-100  Angatroma, 

¥niea  there  la  appreciable  aolubility  for  oxygen  and  the  alloy  containa  a  apeciea 
which  ia  couaiderably  more  reactive  than  the  baae  metal,  a  apeci^  type  of  contamination 
oecura,  called  "internal  oxidation".  The  oxygen  penetratea  the  alloy  under  tl.a  oxide  and 
reacta  with  thia  aolute,  forming  oxide  particlea  ia  the  alloy.  Theae  internal  oxide  par- 
ticlea  can  both  atrengthen  and  embritUe  an  alloy. 

Of  the  chief  aourcea  of  contamination  of  metala  at  elevated  temperature  a,  oxygen, 
nitrogen,  aulphur,  and  hydrogen,  uaaally  oxygen  ia  moat  important.  The  diaaociation 
conatanta  of  molecular  hydrogen  and  nitrogen  are  very  low,  ao  that  contamination  from 
theae  elementa  ia  more  likely  if  they  are  in  a  reactfva  form  auch  aa  water  vapor  and  am¬ 
monia,  raapectively.  Carbon  contamination  can  ba  important  ia  atmoapherea  containing 
hydrocarbona.  The  product  of  reaction  with  the  contaminant  ia  goner>i'Y  a  aoUd,  giving 
riae  to  a  aecoad  phaae.  Oecarburiaatioa,  or  loea  of  carbon,  ia  a  apecial  caae  in  which 
the  product  of  reactioa  ia  a  gaa.  Alloying  elementa  may  be  loat  from  the  ailoy  if  the 
apeciea  have  aignificantly  high  vapor  pre:*urea. 


Embrltliomanl  ef  Metals  aad  Alleyc 

The  embrittlement  of  metala  and  alloya  ia  a  broad  topic  aad  the  variove  phenomena 
can  only  be  liated  in  tbla  eertion.  The  term  "srnbrllUeu^ent''  generally  impi:e»  t  eharp 
drop  in  ductility  with  little  change  in  other^roperHor,  Tho  embrittl  .ig  can  !>e  - 

convenleutly  categoriaed  iato'thoae  reaulting  from  (a)>external  conat'*a<nta,  (b)  phase 
changer  ,  and  (c)  gases . 
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External  Conitralnta 


(1)  Heductlon  ot  temperature,  eapeclally  for  body-centered  cubic  metale 

(2)  Increaaing  etraln  rate 

{i)  Impceltlon  of  triaxlal  etreee  atate  in  loading 

(4)  Special  environment,  e.  g. ,  cauatlc  embrittlement. 

Phaao  Changea 

(1)  Strain  aging  and  quench  aging  i.t  Icw-carbon  steel 

(2)  Precipitation,  or  solute  concentration,  .t  boundarlea 

(3)  Blue  brlttleneaa,  temper  brlttleneaa,  and  500  F  brlttlaneaa  in  ataela 

(4)  Slgma-phaae  formation  in  atalnleaa  ateals 

(5)  885  F  embrittlement  of  Iron-chromlum  alloya.  . 

Gaaea 

(il  Embrittlement  in  aoltd  aolutlon 

(2)  Formation  of  poroelty 

(3)  Formation  of  a  aecond  phaae 

(4)  Formation  of  low-melting  eutectics. 

One  of  the  important  parameters  that  dictates  the  poeition  of  a  solute  atom  in  a 
atructure  and  its  potential  effect  on  brlttleneaa  is  its  effect  on  grain-boundary  energy. 

If  a  aolute  atom  reduces  the  energy  of  a  boundary,  It  prefers  to  be  aasoclated  with  the 
boundary,  and  if  it  increasea  the  energy  of  the  boundary.  It  prefers  to  be  located  away 
from  the  boundary.  This  is  called  positive  and  negative  adsorption.  02)  Those  elements 
which  are  positively  adsorbed  to  grain  boundaries  may  show  a  positive  or  negative  tem¬ 
perature  coefficient  of  adsorption.  If  the  temperature  coefficient  Is  positive,  raising  the 
temperature  will  force  more  solute  to  the  grain  boundaries.  This  behavior  may  Impair 
ductility  either  through  a  solid-solution  eiKect  or  the  formation  of  a  second  phase  on  cool¬ 
ing  down.  Overheating  of  steels  ard  perhaps  temper  brittleness  in  steels  are  examples 
of  embrittlement  through  adsorption  effects. 


Residsel  Stresses 

One  of  the  important  consequencee  of  nonvniform  plastic  deformation  of  a  metal  is 
the  generation  of  residual  stresses,  or  '’locked  up"  stresses  in  the  scctifv.  .'huse 
stresses  are  important  because  they  represent  an  internal  system  of  loading  th.it  can  aid 
in  fhllure  by  flow  end  fracture,  and  also  cause  distortion  of  the  part  du'^ing  machipi.m. 

The  formation  of  residual  stresses  in  a  cold-drawn  bar  formed  by  pulling  it  through 
a  die  is  illustrated  in  Figure  A- 50.  Usually  the  deformation  is  a  little  more  eevere  In  the 
outer  sons,  calling  for  this  sons  to  contract  when  the  external  loading  is  amoved.  This 
sons  develops  residual  tensile  stresses  because  it  is  constrained  from  con^rocting  by  the 
core;  the  core  develops  residual  compressive  stresses.  A  condition  of  equillbriui  i  de¬ 
mands  that  the  total  residual  tensile  load  be  equal  to  the  total  load  in  compreasioe. 

Residual  'tresses  can  also  be  developed  by  heating  end  coollnj  treav  uents  which 
eet  up  sufficiently  high  thor<;  .d  gradients.  The  magnitude  of  residual  stresses  developed 
is  limited  by  the  fl-jw  strees  at  the  temperature  of  deformation,  since  stresses  in  excess 
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of  thii  v*lue  will  r«l*x  by  plague  flow.  It  followi^  tharafo'-a,  that  the  higher  the  to. n- 
perature  of  deformation,  the  lower  will  b.  the  magnitude  of  raaldual  rtraaaea  devolopad. 
The  aame  principle  appllai  to  Btraea-rallef  traatmanta.  The  hlj^har  the  tamperator* 
uaed  for  a  atreaa-raltaf  traatmant,  the  greater  the  dacraaaa  of  realdu.vl  atreaaea  ba> 
cauBC  of  the  reduction  of  the  flow  atruna. 


PIOUM  A-M.  PORMATIOM  OP  RIMOUAL  tTRIStit  IN  A  COLD-DRARN 
CYLINDRICAL  RAR 


ANISOTROPY  IN  WROUGHT  ALLOYS 


In  eontraat  to  the  '’tat  etate,  wrought  matali  can  exhibit  atrong  anlaotropy  of  cer¬ 
tain  maehanieal  propartlaa,  parUeularly  tanalla  ductility  and  toughnaaa  aa  maaaurod  by 
the  impact  teat.  It  ia  important,  tharafora,  to  compare  the  atructuralfeaturaa  of  the 
two  autea. 

The  important  atructural  faaturaa  are: 

(1)  Grain  aiaa 

(Z)  Segregation 

(>)  Poroaity 

(4)  Shape  of  incluaiona, 

Caat  Btructuraa  in  general  have  coaraer  grain  aiaea,  and  grain  refinement  ia  ejq>ected  to 
reault  from  deformation.  The  aegregatian  pattern  ia  aleo  on  a  coaraet  acala  in  the  caat 
atata.  Segregatloa  can  be  removed  only  by  dlffuaion,  which  ia  very  alow  fe  r  aubatltu- 
tional  aoluteo  but  reaaonably  rapid  for  intc-etltlal  elementa.  Plaatlc  defom  jUon  hae  no 
particular  effect  on  dlffuaion  ratea  but  wUl  reduce  the  dlatance  between  regions  of  liigh 
and  lew  alloy  contenta.  Thia  aervea  to  reduce  the  dlffuaion  diatancaa  and  to  increaaa 
concentration  g radienta,  ttua  iacraaaing  the  r'»ie  ~t  homoganleatlon. 

Poroaity  ia  aaq^ctod  in  caat  atrueturea  unices  extraordinary  n.eaaurec  are  taken  to 
degas  the  liquid  metal.  Poroaity  may  occur  in  mote  or  lesi  spharteal  blow  ao'  «  or  a  a 
nae-acaled  "mleroporoaity".  The  latter  ta  the  more  important  type  itr-  i.fft  .'  on  me  - 
properties  because  it  bahavea  aa  intamU  notches.  Plastic  deformation  Siolc  up 
these  mic  -uporea  and  thus  alimlnatea  the  intamal-noich  affacv. 
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NonmeUllic  Inclusions  ars  sf  be  found  as  spherical  or  dihedral  shapes  in  cast 
alloys,  except  for  the  special  case  of  inclusior  that  come  out  as  grsin-boundary  films. 
Deformation  chanj;es  these  inclusions  into  plates  or  stringers,  which  are  ineffective 
stress  raisers  in  the  direction  of  working,  but  are  effective  in  the  diiactiou  transverse 
to  the  principal  deformation  direction. 

The  conversion  of  the  cast  sute  to  the  wrought  bUte  involves  all  four  factors 
listed  above.  Porosity  is  quickly  healed  by  deformation,  as  reflected  by  the  rap.M  at¬ 
tainment  of  the  maximum  longitudinal  valuo.  The  optimum  transverse  ductility  is  ob¬ 
tained  at  about  a  2: 1  forging  reduction.  Further  deformation  produces  stringer  inclu¬ 
sions  and  more  pronounced  and  fibered  segregation  patterns.  The  orientation  of 
segregation  patterns  in  the  transverse  test  coupons  ha  j  an  important  effect  on  the  type 
of  fracture  and  the  ductility  values.'  The  Initial  benefits  of  closing  up  porosity  are 
diminished  by  the  effects  of  stringer  and  segregation  patterns. 
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